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Maria Telkes’ cylindrical solar oven (see paper, page 1). 
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Magnified area of a molten and quenched zirconia stabilized sample at the focal 
spot of a solar furnace. See paper by William M. Conn, page 39. 
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The world’s largest solar energy converter, “Big Bertha,’ has been installed on 
the roof of the recently opened Hoffman Semiconductor Center in El Monte, Calif. 
Its 7,800 solar cells provide electricity for the center’s solar energy exhibits. 


Photo courtesy Hoffman Electronics Corporation 
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Maria Telkes’ cylindrical solar oven (see paper, page 1). 
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Solar Cooking Ovens’ 


By Maria Telkes 


This report summarizes experimental work 
sponsored by a grant from the Ford Foundation. 
The purpose of this work was to develop low-cost 
solar cooking ovens using sunshine as a cooking 
“fuel,”’ primarily for arid tropical countries, 
where most of the fuel is supplied by burning 
dried cow dung or other refuse. This age-old prac- 
tice deprives the land of its natural fertilizer. It 
has been estimated that if the land were supplied 
by animal fertilizer, the agricultural yields could 
be nearly doubled. The introduction of an inex- 
pensive solar cooking oven would, therefore, result 
in a major improvement in food supplies. 

This report summarizes the technical part of 
the solar stove project. 


HISTORY OF SOLAR COOKERS 


Numerous attempts have been made in the past to 
use sunshine for cooking food. In tropical countries food 
has been traditionally dried or partially cooked by ex- 
posing it to the sun. 

The first solar cookers were described by Mouchot! 
who had been commissioned around 1860 by the French 
Emperor, Napoleon III, to develop solar cooking de- 
vices for the French Colonial troops in Africa. He used 
parabolic reflectors to concentrate solar radiation to a 
cooking pot, which was suspended freely from a sup- 
porting stand. Further experiments were described by 
Adams? in 1878 in India. 

In the United States, C. G. Abbot built several cook- 
ing ovens using cylindrical parabolic reflectors to con- 
centrate solar radiation to a blackened focus tube pro- 
tected by a glass enclosure.” **°'* A small solar cooker 
designed by Abbot was exhibited at the Smithsonian 
Institution Museum in Washington. Cylindrical para- 
bolic reflectors had to be turned automatically by a 
clockwork during the day. Their cost was too high for 
practical use. 

During the early 1930’s, solar cooking experiments 
were continued by Mourain,’ primarily for the French 
Colonies. 

The National Physical Laboratory of Great Britain 
examined the possibilities of “Utilization of Solar En- 
ergy” in 1952.° Work on the solar cooker was considered 
one of the primary aims of suggested research. 


Solar Energy Laboratory, Curtiss-Wright Corporation, Princeton, New Jersey 


M. L. Ghai of the National Physical Laboratory of 
India attempted to solve the solar cooking problem.%-!2 
He used a parabolic reflector, with a pot supported at 
the focus. The Devidayal Industries manufactured this 
device for a limited time.'* Most of the cookers were 
used for testing purposes." 

A. L. Gardner at New Delhi, India, used a cooking 
pot resting on a stand made of stones. Solar energy was 
collected by mirrors arranged on a curved frame, re- 
flecting sunshine to the pot.!® 

Several additional solar devices were exhibited at the 
UNESCO Conference on Wind Power and Solar Energy 
in New Delhi during October, 1954.!° Manually adjust- 
able mirrors were mounted in a frame, reflecting solar 
energy to the uninsulated pot. It was necessary to ad- 
just each mirror individually and frequently, to reflect 
solar radiation to the pot. 

During the first World Symposium on Solar Energy 
at Tucson and Phoenix in 1955, several solar cookers 
and ovens were exhibited. Lectures were presented by 
Duffie,” Telkes,'® and Ghai.'® 

The use of plastics in solar cookers has been described 
by Duffie, Lappala, and Lof.*° Rigid plastie reflectors 
and folding, umbrella-type reflectors have been sug- 
gested. 

The results of tests of cookers in India have been 
described by Mathur and Khanna,*! National Physical 
Laboratory of India, New Delhi, who state that: 
“Since tradition in cooking methods plays a very major 
part, it is doubtful if much could be done yet in chang- 
ing traditional methods... efforts made to introduce 
solar cookers in villages have completely failed.” 

Considerable interest has been shown in the United 
States. A 12-year old school boy, F. A. Leachman, Jr.2? 
built a parabolic solar cooker made of surplus radar 
antenna, which could heat small amounts of food quite 
effectively. 


Patent Literature 

Calver in 1889** used a heat-insulated box housing a 
flat boiler or oven. Solar energy, reflected by plane 
mirrors, reached the boiler through glass doors, used 
also for inserting the boiler or the oven. 


* Condensed version of the author’s report, ‘‘The Solar 
Cooking Oven,’ to the Ford Foundation, from the Research 
Division, College of Engineering, New York University, Oc- 
tober 1955 and January 1958. 
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Baker®™ in 1901, used a series of pivoted mirrors, sup- 
ported on an external adjustable stand, reflecting solar 
radiation to an oven. The oven consisted of a heat- 
insulated box, with glass panes to transmit solar radia- 
tion. It could be tilted to receive solar radiation at a 
favorable angle. 

De la Garza™ in 1902 used lenses to concentrate solar 
radiation to the cooking pot or other objects. The 
lenses and the heated receptacle were moved to follow 
the sun. Boone’s*® oven in 1930 also used lenses. 

Cherrier”’ designed a box to be operated at a “mod- 
erate’? temperature. Solar rays were admitted to the 
interior of the box through glass panes. 

Several solar cookers have been patented during re- 
cent years in Japan by Goto,** Sugimoto,”® and Wata- 
nabe,®’ and in India by Ghai.* 


BASIC PRINCIPLES OF SOLAR 
COOKERS AND OVENS 


Solar energy can be concentrated by using reflectors 
or mirrors which can be any of the following: 

a) Spherical parabolic reflectors, reflecting energy 
to a cooking device placed at the focus. Reflectors can 
be moved every 10 to 15 minutes by hand, to keep the 
focus image on the target. The cooking device is usually 
exposed to circulating air and wind. Shielding by heat- 
insulating covers is not convenient because food has to 
be stirred frequently to prevent burning at the focus 
point. 

(b) Cylindrical parabolic reflectors, focusing solar 
energy to a tubular absorber, circulating heat transfer 
liquid to a separate insulated oven. Exact movement of 
the reflector is essential to keep the focus line on the 
target. 

(e) Plane mirrors, reflecting solar radiation through 
a “window” into an insulated oven. 

Considerable work has been carried out with methods 
(a) and (b). The exact parabolic curvature needed and 
the focusing and moving requirements were found to be 
the limiting factors in the cost of manufacturing. Rela- 
tively less work was in progress using plane mirrors, 
which could be produced at lower cost. These were the 
reasons for conducting studies with plane mirrors, de- 
termining the attainable energy concentration and the 
arrangement of energy transmitting windows and heat 


insulating enclosure. 


HOW MUCH SOLAR ENERGY IS AVAILABLE? 


The United States Weather Bureau collects daily 
records at some fifty locations. Fewer Weather Bureau 
Stations exist throughout the world. Summaries of 
these measurements have been published.**-* 

Table I shows the monthly distribution of solar en- 
ergy received on a horizontal surface as the daily aver- 
age. During the summer, solar energy in excess of 2000 
Btu per sq ft can be expected daily at many locations 


in the tropies and semitropics. On clear days, 300 Btu 
per sq ft per hr is available for several hours during 
the day. Even higher values of solar radiation can be 
received by solar cooking ovens at normal incidence. On 
mountains or higher elevations, the amount of solar 
radiation may often reach 350 Btu per sq ft per hr. 

Measurements made at the New York University 
Laboratory during May-June indicated that the maxi- 
mum hourly sunshine was 320 Btu per sq ft per hr at 
normal incidence. The average “bright sunshine”’ filter- 
ing through the smoke covering New York was gener- 
ally only 280-290 Btu per sq ft per hr during clear days 
at normal incidence. 

The division of the solar spectrum into ultraviolet, 
visible, and infrared regions is often arbitrary because 
the spectral limits are varied. The ultraviolet part 
generally includes rays shorter than 0.4 uw in wave- 
length. The visible region ranges from 0.4 to 0.76 yu. 
Beyond that range, the amount of solar radiation de- 
creases rapidly. The following tabulation is based on 
the measurements of Elder and Strong,** made on clear 


days. 
Spectral range Per cent 
Ultraviolet and visible to 0.7 123 50 
Infrared 0.7 to 1.9 111 45 
Infrared 1.9 to 2.7 7 3 
Infrared above 2.7 5 2 
Total 246 100 


TRANSMISSION OF WINDOWS AND THE 
REFLECTIVITY OF MIRRORS 

The transmissivity of various window materials and 
the reflectivity of mirror materials were measured to 
determine the effect of 1, 2,3, or 4 glass panes or plastic 
films, and the reflection of glass, aluminum, or other 
mirrors. Since only the direct component of solar radia- 
tion is reflected by mirrors, the amount of diffuse radia- 
tion was also determined. 

The tests were made with two Eppley pyrheliom- 
eters. Each pyrheliometer was mounted to permit rota- 
tion in both vertical and horizontal planes. One of the 
boxes was equipped with supports for holding reflector 
materials. Comparative data on the transmission of 
glass and various plastic materials for application in 
solar stove design was obtained by interposing sheets 
of the plastic or glass between the pyrheliometer and 
sunlight. The data for the reflectivity tests were ob- 
tained by taking simultaneous readings of both pyrhe- 
liometers, one of which was surrounded by four reflee- 
ors, positioned at an angle of 60°. 

The transmission of glass depended upon the quality 
of glass and the angle of incidence of the solar radiation 


beam, as follows: 
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City Jan Feb Mar Apr 
Miami, Fla. 1100 1284 1535 1756 
Brownsville, Tex. 1240 1465 1782 1919 
Gainesville, Fla. 1011 1255 1587 1937 
Apalachicola, Fla. 1192 1542 
New Orleans, La. 756 915 1207 1487 
Lake Charles, La. 1041 1114 1531 1771 
El Paso, Tex. (high) 1328 1546 | 2125 | 2524 
Fort Worth, Tex. 1015 1218 1734 1875 
La Jolla, Calif. 930 1181 1550 1882 
Charleston, 8S. C. 923 1232 1664 2059 
Griffin, Ga. 1063 1107 1181 2103 
Riverside, Calif. 974 1151 1506 1823 
Santa Maria, Calif. 1070 1380 1882 2251 
Albuquerque, N. M. 1133 1354 1834 | 2236 
Hatteras, N. C. 941 1063 1550 2103 
Oak Ridge, Tenn. 642 852 1055 1483 
Las Vagas, Nev. 963 1292 1956 =. 2111 
Nashville, Tenn. 524 753 1089 1557 
Stillwater, Okla. 923 1004 1520 1801 
Fresno, Calif. 664 1037 1539 2096 
Davis, Calif. 738 1026 1417 1982 
Washington, D. C. 568 738 1225 1513 
Columbia, Mo. 598 930 1229 1631 
Seabrook, N. J. 686 908 1321 1668 
Grand Lake, Colo. 790 1144 1624 2030 
Salt Lake City, Utah 572 908 1424 1882 
New York, N. Y. 450 705 956 1339 
Sayville, N. Y. 635 904 1236 = 1031 
State College, Pa. 506 642 1015 1428 
Lincoln, Neb. 686 930 1247 1576 
Upton, N. Y. 568 790 «1181 1550 
Cleveland, Ohio 373 675 1030 1550 
Newport, R. I. 583 S45 1196 1535 
Put-in-Bay, Ohio 509 756 1137 1476 
East Wareham, Mass. 557 790 1085 1498 
Blue Hill, Mass. 601 923 1196 1465 
Boston, Mass. | 454 745 1085 1328 
Medford, Ore. 391 768 1232 2107 
Ithaca, N. Y. 435 760 926 1173 
Twin Falls, Idaho 613 827 1269 1705 
E. Lansing, Mich. (low) 384 649 945 1284 
Madison, Wis. 539 797 1166 1498 
Toronto, Ont. 351 605 1004 1317 
St. Cloud, Minn. 627 878 1461 1734 
Caribou, Me. 531 745 1192 1697 
Spokane, Wash. 443 731 1240 | 2111 
Seattle, Wash. 229 328 1033 1823 
Glasgow, Mont. 576 900 1446 1852 
Winnipeg, Man. 524 745 | 1225 | 1461 


*Heating and Ventilating’s Reference Data, April, 1954. 


Per cent transmission 


Glass: Water-white 


Single strength Number of panes 


1 2 3 4 
At normal incidence 9] 82 75 68 
At 60° incidence 82 72 65 59 


Good quality silvered glass mirrors reflected 90 per 
cent solar energy at normal incidence. At 60° incidence, 
the reflectivity was only 82 per cent. The corresponding 
values for Alzak-coated aluminum mirrors were 85 and 
77 per cent. Only direct solar radiation was reflected. 
The diffuse part of solar radiation is seldom less than 
10 per cent of the total incident energy. 

Solar radiation reaching the window of the oven was 


TABLE I 
Dartty AVERAGES, Bru PER SQ Fr. oF SOLAR ENERGY RECEIVED ON A HorizoNTAL SURFACE, BY MontTHs* 


May 


1852 
2144 
2066 
2074 
1590 
2118 
2716 
2140 
2007 
2288 
2288 
2007 
2506 
2494 
2229 
2103 
2362 
1838 
1838 
2406 
2387 
1716 
1801 
1897 
2177 
2015 
1572 
1970 
1572 
1852 
2030 
2140 
1786 
1734 
1720 
1756 
1661 
2790 
1624 
2184 
1395 
1727 
1668 
2070 
1771 
1782 
1867 
2362 


1945 


Jun Jul Aug Sep Oct Nov Dec Annual 


1771 1749 1716 1528 1351 1232 1085 1497 
2590 2472 2336 1934 1786 1221 1192 1840 
1904 1823 1624 1446 118] 974 841 1471 
2192 2103 2007 1646 1513 1317 959 1675 
1697 1491 1439 1402 1258 952 804 1250 
2151 1926 2052 1594 1439 1262 819 1568 
2731 2531 2435 2103 1786 1428 1207 2037 
2332 2303 2258 1779 1587 1277 S67 1699 
2066 2015 1830 1572 1273 1107 904 1526 
2166 1989 1945 1509 1203 1137 786 1575 
2273 2170 2066 1546 1358 1044 738 1578 
2207 2184 2011 1712 1321 1018 782 1558 
2399 2428 2369 1945 1594 1114 S67 1817 
2749 2502 2299 2018 1712 1284 1085 1802 
2266 2229 2125 1587 1269 1015 756 1594 
2000 1838 1708 1517 1129 753 598 1307 
2771 2539 2332 2044 1483 1166 845 1822 
1934 1867 1668 1439 1125 779 165 1253 
2196 1889 1937 1565 1255 900 775 1467 
2642 2576 2288 1889 1380 915 605 1670 
2642 2605 2303 1834 1336 745 576 1633 
1867 1808 1631 1373 1085 745 539 1234 
2077 2221 1856 1624 1299 731 664 1388 
2007 1838 1771 1336 1052 77 535 1316 
2362 2236 1989 1720 1328 863 613 1573 
2192 2303 2247 1631 1026 661 $43 1442 
1646 1620 1351 1166 897 546 395 1054 
2066 1812 1694 1292 1070 686 198 1291 
1845 1889 1683 1321 915 605 424 1154 
2052 2122 1775 1509 1114 771 613 1354 
2081 1779 1683 1328 1111 642 487 1269 
2214 2192 1934 1705 1041 487 406 1312 
1963 1860 1683 1358 1092 668 524 1258 
2092 2000 1830 1387 1026 557 399 1242 
1897 1768 1668 1299 996 627 542 1204 
1911 1838 1708 1343 1077 601 498 1243 
1823 1690 1502 1184 937 502 406 1110 
2590 2804 2494 1753 1063 550 362 1575 
1867 1845 1697 1299 940 476 391 1119 
2303 2280 1985 1646 1255 738 450 1438 
1638 1653 1432 1048 S19 380 343 99S 
1904 1993 1609 1321 959 557 443 1218 
1926 1756 1627 1144 797 399 347 1078 
2066 2118 1667 1343 1048 646 561 1352 
1963 2015 1690 1343 937 450 391 1227 
2269 2487 2144 1587 923 49] 280 1374 
2280 2170 1753 1255 627 325 229 1160 
2494 2435 2011 1395 900 642 450 1455 
2048 2052 1808 1166 S41 417 365 1216 


transmitted at normal incidence, both the direct and 
diffuse components being transmitted. The mirrors re- 
ceived solar radiation at 60° incidence, reflecting it to 
the window, where the beam was transmitted at 60° 
incidence. In our solar oven design, the window area of 
A sq ft was augmented by four rectangular mirrors, 
each of A sq ft area. The projected solar energy inter- 
cepting area of the four rectangular mirrors was 2A 
sq ft. The results obtained with silvered glass mirrors 
are shown in Fig. 1 and with Alzak mirrors in Fig. 2. 
In tropical locations, the amount of diffuse radiation 
is low, probably not more than 10 per cent of the total, 
the direct solar radiation being in excess of 90 per cent. 
In this case, the amount of solar radiation transmitted 


through the window of the solar oven is: 


; 
| 
\T 
J/iie 
) 5 
: 
ke 
: 
- 


PERCENT SOLAR RADIATION REACHING STOVE 


Fic. 


PERCENT SOLAR RADIATION REACHING STOVE 


9 


| THEORETICAL AND MEASURED VALUES - GLASS MIRRORS 
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PERCENT DIRECT SOLAR RADIATION 


Fic. 1—Theoretical and measured values—glass mirrors. 
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THEORETICAL AND MEASURED VALUES - ALZAC MIRRORS 
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PERCENT DIRECT SOLAR RADIATION 
Theoretical and measured values—alzac mirrors. 


Per Cent or SotarR ENerGy Guass PANES 
REFLECTED BY Four MIRRORS 
(90 Per Cent Direct Solar Radiation) 


Reflecting Mirrors 


Silvered glass 


Alzak 
0 248 238 
1 211 204 
2 188 177 
3 170 165 
4 


155 149 


The results indicate that the difference between sil- 
vered glass and Alzak mirrors is relatively slight. Alzak 
mirrors cannot break; they weigh much less than glass, 
and for these reasons may be preferred. Most of the 
commercially available plastic window materials and 
plastic reflectors are less effective than glass, silvered 
glass, or Alzak mirrors. Plastic reflector material is 
available as aluminum-coated film or aluminum foil 
laminated to plastic film. The plastic must be ‘“‘weather- 
able” and durable for use in the solar oven. 


HEAT LOSS THROUGH WINDOWS 


Solar energy transmitted by the window of the solar 
cooking oven heats the interior. The heated surface 
loses heat by radiation, convection, and conduction. 
Air-spaced window panes diminish the escape of heat 
from the inner stove compartment. The heat loss can 
be expressed by the following equation: 

Q = (Ti — Ta) (AsUse + AU) 

Calculations have been made by Hottel and Woertz* 
and others concerning the heat loss coefficients of air- 
spaced transparent panes. The general equation is the 


following: 


~ T.)U, = — pee” 
n 
V n+ f 
n+f—1 
€ € 
where: 
Q = heat loss from oven, Btu per hr 
A, = window area, sq ft, 


A = oven wall, losing heat by conduction, sq ft 
U’ = heat loss coefficient through insulation, 
U, = over-all heat loss coefficient of window, 


number of panes, 
T, = black absorber temperature °R = °F + 460, 
T, = ambient temperature °“R = °F + 460, 


f = effective thermal resistance of outside pane in 
contact with air, 
h = foreed convection coefficient due to wind on 


outside pane, 
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Stefan-Boltzmann constant, 0.1723 x 10° 
Btu per sq ft per hr per °R¢, 
emissivity and absorptivity of glass (0.96) and 
absorber, 

C = 0.166. 


These equations have been evaluated for 1 to 4 air- 
spaced glass panes, shown in Table II. 


TABLE II 
Heat Loss U, or Buack PLATE, SHIELDED BY 
OnE, Two, THREE, AND Four PANES oF GLASS 
IN Arr at 70°F 


Per Cent Heat Loss 
Distribution 
Temperature of 

— 
Radiation Total U, Convection) Radiation 


Heat Loss Coefficient 


Convection 


One Pane 
100 0.252 0.645 8! 28. 
200 .822 28 .¢ 
300 . 360 
400 .380 .39 
500 .397 
Two Panes 
100 .1310 .412 
200 .1786 .530 
300 .2001 .694 
400 .215 
500 . 2275 
Three Panes 
100 . 293 
200 .119 .389 
300 .134 .508 
400 .145 .651 
500 .154 82 
Four Panes 
100 .062 
200 .O87 
300 .098 .403 
400 .107 
500 .113 .650 


on on bo 


Results of the calculations are shown in Fig. 3. The 
heat loss coefficients decrease considerably when more 
glass panes are used. Table II also indicates the distri- 
bution of the heat losses. Depending upon the number 
of glass panes used and the temperature of the black 
plate, between 72 to 85 per cent of the heat loss is 
found to be due to reradiation and only 15 to 28 per 
cent is due to convection. 

In these calculations the emissivity and absorptivity 
of the black plate was assumed to be the same, 0.96. 
Such emissivity can be obtained with flat black paint 
of good quality, which should show a ‘‘velvety”’ black 
appearance. 

It should be possible to decrease the heat losses due 
to reradiation by using a selective black coating, which 
absorbs the entire solar energy spectrum in the range 


In still alr at 70° F 


2 
GLASS PANES CALCULATED 


MEASURED 


0.4 0.8 1.2 1.6 2.0 
OVERALL HEAT LOSS COEFFICIENTS Up aR 
Fic. 3—Over-all heat loss coefficients from black plate. 


shorter than 2 uw, but at the same time has a low emis- 
sivity for infrared rays longer than 2 pz. 


EXPERIMENTAL DETERMINATION 
OF HEAT LOSS 

Exact measurements were made with an experimental 
device using electric heating instead of solar radiation. 
The experimental arrangement consisted of a box, in- 
sulated on the sides and bottom with 4-in. thick fiber- 
glas insulation. The heated surface was sheet aluminum, 
measuring 12 x 12 x 0.02 in. Electric heating was sup- 
plied by a Nichrome ribbon heater, wound on mica 
plate and insulated with mica from the aluminum plate. 
The heater was fastened with bolts to the test plate to 
obtain good thermal contact. Thermocouple wires were 
attached to the heater plate to measure its temperature 
at the center and near its edges. In addition, a metal 
thermometer was fastened to the heater to measure 
temperature directly. The heater plate was covered with 
several air-spaced glass panes (or plastic films), mounted 
in supporting frames made of heat insulating materials. 
The spacing between panes was 0.5 in. thick. 

The same testing device was also used for measure- 
ments made with solar energy. The cover of the box 
had additional supports to hold mirrors, mounted at a 
tilt of 60°. In this position, mirrors of the same area as 
the window reflected optimum solar radiation. 

The experimental results are shown in Table IIT and 
Fig. 4 with one, two, and three glass panes covering a 
black painted sheet aluminum, losing heat upward. 

To obtain the actual heat loss through the glass panes 
alone, allowance had to be made for the heat lost 
through the insulation. Using this correction, the heat 
loss coefficients are shown in Fig. 3, compared with the 
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Fic. 4—Temperature of black plate and energy input. 


caleulated values. The results are in reasonable agree- 
ment for one and two glass panes, slightly higher for 
three panes. 

The same experimental arrangement was used with 
solar energy. In this case, four mirrors have been used, 
intercepting twice the solar radiation that reaches the 
window alone. The results are shown in Table IV for 
silvered glass mirrors and in Table V for Alzak mirrors. 
The same tables also show the temperature of the black 
plate attained without the use of mirrors. These results 
are compared in Fig. 4 with the temperature of the 
black plate when electrically heated. The agreement 
appears to be reasonably good. In the tests made with 
four mirrors, solar heating produced about 20 to 30°F 
lower temperatures than electrical heating. The amount 
of solar energy in these tests was generally in the 270 
to 290 Btu per sq ft per hr range. With strong tropical 
sunshine, even higher temperature levels should be at- 
tained. 

Tables IV and V also show the effect of additional 
triangular mirrors (made of Alzak), which were located 
in the triangular spaces between the four rectangular 
mirrors. The use of these additional reflectors increased 
the temperature of the black plate by an additional 30 
to 40°F. These tests made it possible to reach the follow- 
ing conclusions. 

The use of two glass panes as a heat shield over a 
black plate is definitely recommended for the solar oven. 
Temperatures of 420°F could be attained with solar 
heating using four mirrors and 450°F with four mirrors 
and four triangular reflectors. Without mirrors, the 
maximum temperature attained was around 300°F. One 
glass pane was not sufficient. The maximum tempera- 
ture attained with solar energy was only 370°F with 
four glass mirrors, 409°F with mirrors and triangular 
reflectors, and only 262°F without mirrors. 

The use of three glass panes does not appear to pro- 
duce any appreciable improvement. Maximum temper- 


TABLE III 
EvLecrricaLty Heatrep Biack PLATE Losinc Hear Upwarp 
Temperature of Room 77°F 


Temperature of Black Plate, °F 


Heat Input Per Sq Ft “ 
Glass panes 


Btu/hr Watt 1 2 3 
85 25 153 190 200 
170 50 218 260 285 
256 75 265 337 363 
341 100 312 384 415 
426 125 356 415 457 


TABLE IV 
HEATING EXPERIMENTS 

Black plate, backed with 4-in. insulation; window area 1 

sq ft; 4 silvered glass mirrors; 4 Alzak triangular reflectors. 


Second Series 


Reflectors used: First Series 


Sun Btu/sq Temperature | Sun Btu/Sq |/Temperature 
Mirrors Triangles 


ft/hr (average “I ft/hr (average °F) 
3 glass panes 
4 1 272 456 266 470 
} 0 301 440 294 43S 
0 0 279 320 288 356 
2 glass panes 
4 4 2s4 450 282 $42 
} 0 301 404 290) 103 
0 0 292 290 284 309 
1 glass pane 
} 280 409 286 409 
} 0 273 370 286 359 
0 0 272 261 290 262 


TABLE V 
SoL_aR HEATING EXPERIMENTS 
Black plate, backed with 4-in. insulation; window area 1 
sq ft; 4 Alzak reflectors; 4 Alzak triangular reflectors 
Second Series 


Reflectors used First Series 


Sun Btu/sq Temperature | Sun Btu/sq Temperture 


Mirrors Triangles hr average °F ft/hr (average 
3 glass panes 
4 4 269 464 245 160 
4 0 276 $34 272 430 
0 0 280 335 270 320 
2 glass panes 
4 } 286 447 262 451 
4 0 286 380 277 420) 
0 0 264 303 289 28S 
1 glass pane 
4 } 252 370 271 416 
4 0 234 348 264 360 
0 0 234 244 242 242 


atures attained are only slightly higher, reaching 440°F 
with silvered glass mirrors, 470°F with mirrors and 
triangular reflectors, and 350°F without mirrors. 

Alzak mirrors generally produced only about 10°F 
lower temperatures than silvered glass mirrors, and 
their use may be preferable, because of their light weight 
and durability. 


HEAT LOSS OF THE SOLAR OVEN 


The experimental results deseribed thus far were 
based on the heat loss from a black plate, well insulated 
on its back side and shielded from heat loss with glass 
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BLACK PLATE TEMPERATURE °F 
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HEAT INPUT Btu/(sq. ft. hour) 


Fic. 5—Temperature of solar oven with 2-in. insulation, solar 
energy 300 Btu per sq ft per hr. 


panes on the side facing the sun. Such a black plate can 
be regarded as a ‘‘two dimensional” solar oven. The 
actual solar oven consists of additional surfaces, which 
can be well insulated to diminish heat losses from them. 

The geometry of solar oven design is based on a 
rectangular solar energy transmitting window of a edge 
and a® area (A, sq ft). The area of the oven walls (A 
sq ft) depends upon the design of the oven compart- 
ment: 


Triangular oven (Fig. 6, 7) Oven wall area 


45° form 

30° form 
Pot oven (Fig. 8, 9, 10) 
Cylindrical oven (Fig. 11, 12) 


Calculations have been prepared of the heat losses 
through the window and through the walls of the solar 
oven compartment, covered with Fiberglas insulation 
used in 2- and 3-in. thick layers. The window area was 
| sq ft and the oven wall was assumed to be 2 sq ft. 
The amount of solar energy was assumed to be 300 
Btu per sq ft per hr, 80 per cent of this being direct 
sunshine reflected by four silvered glass mirrors. Table 
VI shows the results of these calculations, indicating 
that with one glass pane, the temperature should reach 
only 350°F in the solar oven (as specified). With two 
glass panes a considerable temperature increase—up to 
410°F—can be expected. Three glass panes may in- 
crease the temperature further to 450°F, while the use 
of four panes does not produce further temperature 
increase. 

The results of these calculations have been compared 
with results obtained in solar oven models, as shown in 
Fig. 5. The agreement is very good. 


HEAT REQUIRED FOR COOKING 


The energy blance of the solar cooking oven can be 
expressed with the following equation: 


Solar energy transmitted — Heat loss through 


by “window” unit the window 


Heat loss from Heat used 


the oven itself for cooking 
S:-trA,-M = A,-U,(T, — Ta) + A-U-(T, — Ta) 
+(T, —T.)W.,H + (T. — T.)H. W; 


+ Heat stored + 


The amount of solar energy transmitted by window 
units and the heat losses can be obtained from the above 
tables. Heat storage and heat used for cooking are 
computed in the following manner. 

Most foods have nearly the same specific heat as 
water. To heat one pound of water from 72 to 212°F 
requires 140 Btu per lb. Most cooking pots and pans 
require only a few per cent of the heat that is needed 
to bring water, or most foods, to a boil. The round 
figure of 150 Btu per lb of food can be used, including 


TABLE VI 
CaLcuLaTED Heat Loss or SoLaR OVEN 
Window area: 1 sq ft; oven wall area: 2 sq ft; air tempera 
ture: 70°; sun: 300 Btu per sq ft hr; direct sun reflected by 4 
mirrors: 80 per cent. 


Heat Loss 
through Total heat 
Heat Loss insulation loss Btu/hr 
Oven r through Btu/hr 

temperature, °F Window, 

Btu/hr 
2" thick | 3° thick | thick | thick 

One pane 

100 0.897 27 12 39 37 
200 1.154 150 52 4: 202 193 
300 1.46 334 92 7: 426 406 
400 585 132 717 694 
500 2.18 925 172 1097 1067 


Sun transmitted through window: 270 
Same, using mirrors: 594 


Two panes 


Sun transmitted through window: 
Same, using mirrors: 


Three Panes 
100 0.378 
200 .508 
300 .692 
400 
500 .974 
600 1.02 


Sun transmitted through window: 
Same, using mirrors: 


Four Panes 
100 0.301 
200 
300 .501 
400 .622 
500 . 763 
600 1.020 


Sun transmitted through window: 
Same, using mirrors: 
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the heat needed to warm the pot to 212°F. Once the 
food is heated to the boiling point in a covered pan, 
relatively little additional heat is needed to keep the 
food simmering. If appreciable amounts of water were 
boiled away, a much larger amount of heat would be 
needed. The heat required to evaporate water at 212°F 
is 970 Btu per lb. 

Solar ovens of 5 to 7 sq ft solar energy intercepting 
area on clear days can supply about 750 to 1000 Btu 
heat per hour, sufficient to heat 5 to 7 pounds of water 
to the boiling point during one hour. The size and shape 
of the cooking utensils and their absorption of solar 
heat are the additional determining factors of the 
amount that can be cooked. 

HEAT STORAGE 

When the solar oven is preheated, heat can be stored 
in the metal walls of the oven compartment. Heat stor- 
age in the insulating material is negligible. The temper- 
ature of the oven slowly decreases from 7), to T, when 
food is placed inside. The heat required for this purpose 
is removed from the oven wall to the food and is equal 
to the heat taken up by the food. 

(T, — T)W.H = (T. — T.)W;H., 


The weight of the oven compartment, when made of 


aluminum, (17 = 0.22) is one to two pounds, (W,) de- 
pending upon its size and wall thickness. A temperature 
drop of 7, — T. = 200°F may occur when food is 


introduced. Heat stored in the aluminum wall of the 
oven is: 
(T, — T.W.H = 200 X 0.22 

= 44 Btu per |b of aluminum 


This is not sufficient to heat even one pound of food to 
boiling temperature. 

Heat storage within the solar oven is important for 
two reasons: 

(1) The heat storage material stores up solar heat 
when the sun shines, and the accumulated heat can be 
used later to speed up cooking. 

(2) The stored heat can be used for a short time to 
bridge over intermittent cloudy periods and to extend 
the cooking period into the late afternoon. 

Heat can be stored as specific heat (sensible heat) or 
as the heat of phase change (latent heat). Relatively 
large amounts of heat can be stored as the latent heat 
of fusion, or heat of transition. 

The heat requirements in the solar oven must be 
limited by the following considerations: 

The heat storage material must be nonpoisonous. 

The latent heat of phase change should be large. 

The phase change should be in the cooking tempera- 
ture range, around 350° to 460°F. 

Heat-of-fusion-type materials require a liquid-tight 
container, sturdy enough to avoid the possibility of 
puncture and the dripping and waste of the heat storage 
material. 


The material should be inexpensive and easily avail- 
able. 

Relatively few materials melt in the cooking tem- 
perature range. None of them can comply with the 
requirements listed above. 

The heat of transition of solids has been used, com- 
posed of a mixture of sodium sulfate, NasSO,, potas- 
sium sulfate, KoSO, , calcium sulfate CaSO, , or lithium 
sulfate, LiSO;. The relative amounts of these materials 
determine the transition temperature, between 380°F 
to 460°F.” Heat is stored in these materials as their 
specific heat (sensible heat) and their heat of transition 
(latent heat). The heat content in the cooking range 
250°F to 460°F is around 120 Btu per Ib. 


SOLAR COOKING OVEN MODELS 


The Triangular Oven 

The triangular oven is shown in Figs. 6 and 7. The 
window of this unit is tilted at 30° angle with the 
horizontal, a favorable tilt for southern latitudes. Alu- 
minum is preferable for the outside envelope or skin of 
the oven, but other sheet metal, wood, or even card- 
board can be used. The inner oven must be made of 
sheet metal with all seams well attached by riveting or 
double bending, to provide good heat transfer. The 
windows are mounted in frames, made of Marinite or 
wood. The reflector holder can be attached directly to 
the top surface, made of aluminum, sheet metal, or 
wood. Alzak sheet aluminum is preferable for the re- 
flectors. Glass mirrors are too heavy and brittle and 
need additional framing, which would increase the cost. 
Thin, highly polished aluminum foil could also be used, 
mounted over plywood or some other suitable low cost 
material. The surface of the foil must be protected by 
suitable coating. 

The door and door frame should be made of suffi- 
ciently strong heat-resistant material of low heat con- 
ductivity. 

The advantage of the triangular oven is that it is 
relatively simple to fabricate. The stove can be placed 
directly on a table or the ground. The disadvantage of 
the oven is that it must be tilted by lifting its front or 
back edge. If this tilt is more than 20 or 30°, food may 
be spilled. 


The Pot Stove 


The pot stove is shown in Figs. 8, 9, and 10. It has 
been designed to permit cooking ‘“‘from the top,’”’ which 
is said to be the preferred way, being the conventional 
manner of cooking. A large pot, circular or oval in 
shape, can swing over a rather wide range, covering at 
least 60°. The stove is lined with reflecting surfaces to 
reflect the maximum solar radiation to the cooking pot. 

The surface of the pot must be coated with dull black 
coating to absorb solar radiation. The contents of the 
pot become heated somewhat more rapidly than in the 
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Fig. 6—Triangular solar oven. 
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Fic. S—Pot stove. 


triangular oven, because heat is delivered directly to 
the pot. The entire inner surface of the oven, covered 
by aluminum reflectors, loses heat through the insula- 
tion. The door above the pot should fit very tightly 
and should be made to lift easily to permit access to 
the pot. 


Cooking Without Stirring 

People have been cooking over fire as long as the use 
of fire has been known. In conventional cooking, fire 
reaches the bottom of the cooking utensil and, to a lesser 
extent, its sides. The hot flames are in direct contact 
with the walls of the cooking pot. Therefore, heat trans- 
fer is very rapid. The walls of the pot could become in- 
candescent if no food were placed in them. It is natural, 
therefore, that all food has to be stirred rapidly when 
pots are placed directly over a hot flame. This is the 
reason why cooks, since time immemorial, have been Fic. 10—Pot stove (front view). 


\\\\\) 
\ \ \ \ PLAN VIEW 
‘1G. 7—Tri 
Fic. 7—Triangular solar oven (side view). 
. 
Fic. 9—The pot stove (side view). 
2 
9 


CROSS-SECTION 


Fig. 11—Cylindrical oven with fixed pot and rotating outer 
shell 


leaning over pots, stirring briskly, to avoid scorched 
food and its bad taste. 

The solar stove avoids all these difficulties. The sur- 
faces of the pot are heated uniformly and ean never 


reach high enough temperature to produce scorching. 


The Cylindrical Oven 

This model can be oriented to intercept solar radia- 
tion while the oven is moved from vertical to horizontal 
position, corresponding to solar attitudes of 0° to 90°. 
It has a permanently fixed platen, always in the hori- 
zontal position. The outer part of the solar oven can be 
rotated around the axis of a stand, which supports the 
permanently fixed part of the oven, as shown in Figs. 
11 and 12. 

The advantages of the cylindrical oven are that it 
can be oriented to face the sun with the utmost sim- 
plicity. The food platform is always in the horizontal 
position; therefore, the food cannot be spilled. The 
heat-losing surface of the inner oven is the smallest, 
and the heat loss is further decreased by the reflecting 
lining of the inner oven. The oven is easily portable; 
it weighs less than other ovens of the same window area. 


The cost of this oven probably is the lowest. 


Cooking in the Solar Oven 


A series of cooking tests have been made with excel- 
lent results. Practically all types of foods can be pre- 
pared: 

Boiled foods: Soups, meat or fishstews, rice, macaroni, 
fresh and dried vegetables, jams and fruit preserves. 
Cooked with very little added water, vegetables were 
excellent in taste, texture, and color. 

Baked foods: Breads of all types, rolls, and eakes 
were baked. Their texture was very fine. 

Roasts: Chickens, meat loaf, pot roast, veal, pork 
and roast beef were prepared with outstanding flavor 
and tenderness. 

Cooking time varied with the intensity of solar radia- 
tion. On exceptionally clear days, the cooking time was 


Fig. 12—Cylindrical oven. 


approximately the same as with the usual gas or electric 
range cooking. On hazy or partly cloudy days, the 
cooking time was somewhat longer. 

Additional tests and demonstrations have been made 
with special oriental foods, including a field trip to the 
Navajo Indian Reservation where Indians prepared 
their own dishes. 

We may conclude that all foods can be prepared in 
solar ovens of the type described with very satisfactory 
results. 

REFERENCES 
1. Mouchot, A., L’énergie solaire et ses applications indus- 


trielles. (Solar energy and its industrial applications.) 
Paris, Gauther-Villars; Ist ed, 1869; 2nd ed., 1879. 


2. Adams, W., ‘Cooking by solar heat.’’ Sez. Am. 38: 376, 
1878. Also his Solar heating. Bombay, 1878. 
3. Abbot, C. G., ‘Harnessing the sun.’’ (In: The sun and the 


welfare of man. Smiths. Sei. Series 2, 1929.) 

4. Abbot, C. G., ‘Utilizing heat from the sun.”’ Smiths. Mise. 
Coll. 98: 1-11, 1940. 

5. Abbot, C. G., “Utilizing sun’s rays.’’ Sci. Mo. 51: 195-200, 
1940. 

6. Abbot, C. G. 

7. Mourain, C. H., Pratique des rayonnements solaires, atmos- 

pherics et terrestres. Gauther-Villars, 1937. 
8. National Physical Laboratory of Great Britain, ‘“‘Utiliza- 
tion of solar energy.”’ Research 5: 522, 1952. 
9. Ghai, M. L., “Solar heat for cooking.” J. Sci. Ind. Res. 
12A(3) : 117-24, 1953. 
10. Ghai, M. L., ‘‘Manufacture of reflector-type direct solar 
cooker.”’ J. Sci. Ind. Res. 18A(5): 212-16, 1954. 
ll. Ghai, M. L., “Design of reflector-type direct solar cook- 
ers.”’ J. Sct. Ind. Res. 12A(4): 165-75, 1953. 
12. Ghai, M. L., ‘‘Performance of reflector-type direct solar 
cooker.”’ J. Sci. Ind. Res. 12A(12): 540-51, 1953. 

3. Devidayal Industries, Ltd, Cireular. 

4. Ghai, M. L., ‘“‘India ready to market solar cooker.’ New 
York Times Sept. 25, 1954. 

15. Gardner, A. L. (New Delhi), Cireular. 

16. Daniels, Farrington, “Solar energy and wind power.” 
Science 121: 121-22, Jan. 1955. 

17. Duffie, J. A., ‘Reflective solar cooker designs.’’ Trans. 
Conference on the Use of Solar Energy, Tucson, Arizona, 
1955. Vol. 3, Pt. 2, p. 79-86. 

18. Telkes, M., ‘“‘Solar stove.’’ Ibid. p. 87-98. 

19. Ghai, M. L., ‘‘Commercial development of solar cookers.’’ 
Paper presented at the Conference on the Use of Solar 
Energy, Tucson, Arizona, 1955. 

20. Dufhe, J. A.; Lappala, R. P. and Lof, G. O. G., ‘Plastics 
in solar stoves.’’ Modern Plastics 35(3): 124-25, 260-62, 
Nov. 1957. 


j 

¢ VOL. 

| 
ON 
; 
10 
: 


. Mathur, K. N. and Khanna, M. L., “Application of solar 
energy to small scale industry.”’ J. Solar Energy Sci. Eng. 
1(1) : 34-36, 1957. 


2. Anon., ‘‘He grills hot dogs on a solar cooker.’’ Pop. Sci. 


May 1957: 178-79. 

. Calver, W., ‘‘Solar stove.’’ U. S. Patent 412,725, Oct. 15, 
1889. 

. Baker, M. M., “Solar oven and cooker.’’ U. S. Patent 
681,095, Aug. 20, 1901. 


5. DeLaGraza, M., ‘‘Solar heating apparatus.’’ U. S. Patent 


696 326, March 25, 1902. 

. Boone, A., ‘Cooking utensil.’’ U. S. Patent 742,961, Nov. 

3, 1903. 

. Cherrier, H. A., ‘‘Solar cooker.’”’ U. S. Patent 1,158,175, 
Oct. 26, 1915. 


28. Goto, 8., “Cooking apparatus by sun heat.’’ Japanese Pat- 


ents 179,644 and 179,653, 1949; and 378,475, 1950. (In Japa- 
nese.) 

. Sugimoto, K., ‘‘Sun heat cooker.’’ Japanese Patent 342,941, 
1944. (In Japanese.) 

. Watanabe, K., “Cooking apparatus by sun heat.’’ Japa- 
nese Patents 160,501, 1943; 162,137 and 346,300, 1944. (In 
Japanese.) 


. Ghai, M. L., “Solar cooker.’’ Indian Patent 46,981, Sept. 


15, 1952. 


. Hand, I. F., ‘‘Distribution of solar energy over the United 


States.’’ Heat. & Vent. 50: 73-75, July 1953. 


33. Hand, I. F., ‘‘Weekly mean values of daily total solar and 


sky radiation.”’ U. S. Weather Bureau, Tech. Paper No. 11, 
1946. 17 p 


. Hand, I. F., “Summary of total solar and sky radiation 


measurements in the United States.’’ Monthly Weather 
Rev. 69: 95-125, 1941. 


. Fritz, ‘Solar radiation during cloudless days.’’ Heat. & 


Vent. 46: 69-74, Jan. 1949. 


. Fritz, 8. and MacDonald, T. H., ‘‘Average solar radiation 


in the United States.’’ Heat. & Vent. 46: 61-64, July 1949. 


. Gorezynski, W., Comparison of climate of the U. S. A. and 


Europe. New York, Polish Inst. Arts & Sci. in America, 
1946. 


3. Elder, T. and Strong, J., ‘“The trapping of solar energy.”’ 


Ohio J. Sci. 53(5) : 1953. 


. Hottel and Woertz, ‘‘The performance of flat-plate solar 


heat collectors.’’ Trans. Am. Soc. Mech. Engr. 64: 91, 1942. 


. Telkes, M., ‘‘Method and apparatus for storing and releas- 


ing heat.’’ U. S. Patent 2,808,494, 1957. 


21 
2 
2 
23 
3 
€ 
24 
9 
97 
29 
€ 
30 
“4 
.. 
4 
59 


The Solar Cell—Conditions for 


Optimum Performance 


By A. J. Heeger and T. R. Nisbet 


‘ 
Ig Vour Ri 
Fig. 1—Simplified equivalent circuit of a solar cell. 
Rs 
Ig ; Vout 2 Rr 
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Detailed equivalent circuit. Rs and R, together form 
the effective load resistance Rk), of Fig. 1. Subscripts 
used: G = generator, S = Series, SH = Shunt. 


Fic. 2 


The role of the dark diode curve in solar cell 
evaluation and circuit design is discussed. A simple 
graphical method of determining the optimum 
load resistance of any cell is developed using the 
diode curve as a basis. Detailed consideration of the 
diode curve offers insight into the operation of a 
solar cell, and the general conclusions are stated. 
The versatility of this method of approach is 
demonstrated by discussion of the conditions for 
optimum load when the intensity of illumination 
is varying. A simple, automatic device for display- 
ing diode curves is described, with details of its 
use in the evaluation of solar cells. 


THE ROLE OF THE DIODE CURVE IN 
OPTIMUM DESIGN 

Introduction 

In its essentials, the solar cell can be represented by 
a current generator in parallel with a forward biased 
diode. The current generated is proportional to the in- 
tensity of illumination, and the available power is 
drawn from terminals which are basically in parallel 
with the diode. The equivalent circuit is shown in Fig. 
1, and a more detailed representation in Fig. 2. For 
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adequate. 
Subscripts 
G generator OC open circuit 
S series L load 
Sh shunt R’, Ri+Rs 
SC short circuit OL optimum load 


For simplicity, the voltage-current curve of the diode 
will be assumed to be independent of the light in- 
tensity. 


Conditions for Maximum Power Output 

A typical diode curve is shown in Fig. 3. When the 
cell is short-circuited through a resistance of about 1 
ohm and subjected to illumination which causes 40 ma 
to flow in the resistor, the voltage across the diode will 
be 0.04 v. At this voltage, the diode current is extremely 
small, and the 40 ma can be taken quite accurately as a 
measure of the source or generator current for this 
intensity of illumination. 

Under the same intensity of illumination, if the cell 
is open-circuited, the entire generator current will flow 
across the junction. The point 7scV oc must therefore 


Fig. 3—Typical diode curve showing the relation of short cir- 
cuit current Js- to open circuit voltage, Voc . 


most of the purposes of this paper, the simple circuit is 
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Fig. 4A and 4B—At any operating point, P, on the diode curve 
the equivalent circuit is as shown, and maximum power 
in the load occurs when Rk), = Rp. 


fall on the voltage current characteristic of the diode 
(Fig. 3). 

For the purpose of evaluating the optimum load, the 
series resistance Rs (Fig. 2) can be considered to form 
part of the load resistance. (When the power in the load 
resistance is at a maximum, so also will be the power in 
any part of the load resistance.) With this thought in 
mind, the term R’, will be used to refer to the combined 
value of R, + Rs. 

It would be possible to calculate the 
optimum load mathematically if the equation of the 
diode curve were known. However, this equation varies 
somewhat from cell to cell, and accordingly it is pro- 
posed to use a graphical method of solution based on the 
diode curve. 

If an elemental portion of the diode characteristic is 
considered at P, Fig. 4a, the curve may be regarded as 
a straight line of slope d//dV at the point P. The 
equivalent circuit over this small range is as shown in 
Fig. 4b. The optimum value of load resistance can be 
found from the equations of the system 


value of the 


and 
V; + TR’, TpRp = 0 


where Rp, = dV/dI at the operating point P. Express- 
ing J, as a function of R’; and deriving an expression 
for the power in the load, we have 


Ig Ro — Vi 
P 


whence 


(Rp + Ro — Vi)” 

— Ie Ro - — V,)°2( 
(Ro + 
Equating this expression to zero gives the necessary 
condition for maximum power in the load, namely 


Rp = R’, 


dP _ 
dR, 


Determination of Optimum Load Resistance from 
Diode Curve 


A graphical method of determining the optimum load 
for a given intensity of illumination is shown in Fig. 5 
and 6. For a fixed value of load resistance, the voltage 
across and current through the load have a linear rela- 
tionship represented by the sloping lines of Fig. 5. OB 
represents the source or generator current. The elec- 
trical effects in the load are described fully by the ree- 
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Fig. 5—For a fixed load resistance, which is represented by the 
slope of the broken lines, an operating point is automat- 
ically selected on the diode curve to conform with the 
geometry shown. 
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Fig. 6—To find the value of the optimum load from a given 
diode curve, a simple geometrical construction is used. 
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tangle ABCD (Fig. 5), where AC is the slope of the 
load resistance and where D falls on the diode curve. 
AB is the current through the load, and AD is the 
voltage across the load (which is equal to the voltage 
across the diode since the load includes the series resist- 
ance Rs). Diode current is represented by OA. 

For a given load and intensity of illumination, there 
is only one operating point on the diode curve. The load 
resistance is of optimum value, i.e., the power in the 
load is at a maximum when the slope of the diode curve 
at the operating point is equal to that of the load re- 
sistance. 

To approach this subject from a more practical view- 
point, the following method may be used to determine 
the optimum value of load resistance for a given in- 
tensity of illumination and for a given diode curve. 
Referring to Fig. 6: 

(a) Take any point P on the knee of the diode curve. 

(b) Draw a straight line RP representing the slope of 
the diode curve at P. 

(c) Find Q, the Y coordinate of P and draw QS 
parallel to RP. 

(d) Find T, the X coordinate of P and extend TP to 
intersect with QS in S. 

(e) Find the Y coordinate of S and compare its value 
with the short cireuit current of the cell, J sc 

(f) Repeat from (b) with a new value of P until ST 
represents the same value of current as Jsc¢. Then, 
subject to allowance for Rs in series with R, (Figs. l 
and 2): 

(i) Optimum load resistance is represented by 
the slope of QS. 
(ii) Voltage across optimum load is OT. 

(iii) Current through optimum load is PS. 

(iv) Current through diode is PT or OQ. 

v) Power in load is represented by the rectangle 
QPSI sc . 

(vi) Power lost in diode is represented by the rec- 
tungle OT PQ. 

(vii) Electrical efficiency = PS/TS X 100 per 
cent. 

Clearly, a different value of optimum load exists for 
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Fic. 7—Abbreviated demonstration of the fact that the value 
of optimum load varies with the intensity of illumina- 
tion. 


each different intensity of illumination. By omitting 
the constructional lines of Fig. 6 and relating simply the 
optimum operating point to the short circuit current, 
i.e., to the intensity of illumination as in Fig. 7, it can 
be seen that as the intensity of illumination decreases 
the value of the optimum load increases. 


Conclusions Regarding Optimum Operation 

The conclusions which can be drawn from this analy- 
sis are: 

(a) For any one cell and for a given intensity of il- 
lumination, (i) there is only one operating point on the 
diode characteristic for each value of load resistance, 
and (ii) for the optimum load the slope of the load re- 
sistance equals that of the diode curve at the operating 
point. 

(b) For any one cell and for a fixed value of load re- 
sistance, (i) there is only one operating point for each 
intensity of illumination, and (ii) the optimum intensity 
is that which requires an operating point at which the 
slope of the diode curve equals that of the load re- 
sistance. 

(c) For any cell, (i) as the intensity of illumination 
decreases, the value of optimum load resistance in- 
creases, and (ii) as between different cells, the nature of 
the change in optimum load vs. intensity of illumina- 
tion is dependent upon the shape of the diode curve. 

(d) In any process involving the matching of cells 
and load resistances, the shape of the diode curve over 
the appropriate range of intensities is the crucial pa- 
rameter to be considered. (Other conditions, such as the 
effects of environment, may modify the shape of the 
diode curve, but this aspect of the subject is not dealt 
with here.) 

THE EFFECT OF VARYING INTENSITY 
Angle of Incidence 

Consider now the effect of varying the intensity of the 
light falling on the cell. Such a problem is significant in 
that almost all applications of solar cells involve an 
intensity which changes with time; e.g., a cell fixed on 
the earth’s surface receives an intensity which varies 
with time (omitting the night-time period) according 
to the relation 


I = I, cos wt {1} 
where /, is the intensity when the sun is at the zenith 
and w = 22/T, with T = 12 hours. Other examples 


are easily found, the most obvious being a cell fixed on 
the surface of a satellite. Here the motion is, in general, 
more complicated, i.e., the satellite may tumble as well 
as spin. 

Nevertheless, since the intensity varies as the cosine 
of the angle, an intensity variation occurs which is of 
the general form [1], with /, no longer a constant, but 
different for individual revolutions. 

It is clear that if the intensity is changing with time, 
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Fic. 8—Equivalent circuit. 


the time integral of the output power is important and 
not the power at any particular instant. Therefore, we 
may anticipate that the proper load for maximum work 
delivered over a period of time when the intensity is 
changing will be different from the proper load for 
maximum work delivered over the same period when 
the intensity is constant. 


Optimum Load With Sinusoidal Intensity Varia- 

tion 

The equivalent circuit of Fig. 2 is redrawn in Fig. 8. 

As noted previously, there should be an internal 
series resistance, Rs, but for the purpose of this dis- 
cussion we have grouped it with the load resistance and 
denoted the combined resistance by R’,. The generator 
current of such a cell is found experimentally and theo- 
retically to be proportional to the intensity of illumina- 
tion. Thus, if the illumination is given by [1] the gen- 
erator current has the form 


Ie = Te.) COs wt [2] 
From the equivalent circuit, it is seen that 


I, = Ie 1) [3] 


where: 
IT, = load current, 
ig = generator current, 
reverse diode current, 
load voltage or voltage across the diode, 
akT ’ 
where: e = electronic charge, 
k Boltzmann constant, 
T = absolute temperature, 
a = constant >1. 
Substituting in the explicit form of Jg we have 
AV] 
I, = cos wt — ‘— |) 
The power delivered to R’,; is therefore 


P, = V cos wt — 1)] 


Reverting now to Equation [3], we can write 


From the form of this equation, it is clear that the 
load voltage changes very slowly with the incident in- 
tensity, for the difference J, — J, itself changes slowly 


and only its logarithm enters into the equation. In fact, 

it is found experimentally that the voltage changes by 

less than 3 per cent as the intensity varies from full 

sunlight to about 3’ of full sunlight. Therefore, we can 

approximate the voltage as a function of intensity with 

a step function 

‘ ‘0 Intensity = 0 

=<,, 
\V Intensity 0 

With this approximation, it is possible to see the effect 

of the varying intensity on the optimum load voltage. 

The average power out over one half-period is then 


9 
Poe = V cos wt — — 1)] dt 


—T/4 
9 T/4 
= — cos wt dt — VI,(e’” — 1) 
7 
since V is constant in the above step function approxi- 
mation. Thus, the average power 
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It may be noted that if the intensity had remained con- 
stant at /¢«) throughout this time, then the expression 
analogous to [6] above would be 
AV - 
Peonst. V (Tec) — 1)| \7| 
For maximum power 
6P 
where V’,,, is the voltage for maximum power, or 
2 TG) 


9 

) = — Tew, — — XI, Vinpe™ 


when ¢ "” > 1. Again, the analogous expression for 
constant intensity is given by 


Lew 
+ 
The solutions of [8] and [9] are easily compared graph- 
ically (Fig. 9). Thus, Vi < V2, where V; is the op- 
timum voltage for the cosine intensity and V. is the 
optimum voltage for the constant intensity. 
To find what effect the varying intensity has on the 
value of the optimum load resistance, we must refer to 
the diode curve of the cell (Fig. 10). 


[9] 


From these conclusions concerning the optimum 
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Fic. 9—Graphical solution of Equation 8 and 9. 
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Fic. 10—The optimum load under varying illumination is of 
higher ohmic value than that for constant illumination. 


voltage, 1.e., optimum voltage for cosine intensity varia- 
tion is less than optimum voltage for constant intensity, 
we see that it is desirable to operate at Ps when the 
intensity is constant and at P; when the intensity is 
varying in a sinusoidal manner. Now it was shown 
earlier in this paper that the slope of the diode curve at 
the operating point determines the optimum load re- 
sistance. In fact, 


dV 


Since dV d/ at P2 is less than dV/d/ at P; , we may 
conclude that the optimum value of the load resistance 
for varying intensity of incident light will not be the 
same as that which gives the maximum power at con- 
stant intensity, but will be somewhat larger in ohmic 
value. 

It is evident that the value of optimum load resist- 
ance is influenced very greatly by the nature of the par- 
ticular application. For example, consider the case of a 
satellite with six cells placed symmetrically on its sur- 
face, tumbling and spinning in a random manner so 
that over a period of time all the cells receive equal 
average illumination, while at any instant there will be 
one or two which are more brightly illuminated than the 
rest. 

The dependence of optimum load resistance on the 
nature of the application can be seen by considering 
two hypothetical cases: 

Case 1. The cells are connected so that each is always 
in use no matter what its illumination (e.g., each cell is 
connected to an individual heater as a load). In this 
situation, the integration should be over a full half- 
period (180°), just as in the above example, and the 
effective operating point should be chosen as P, in Fig. 
10. 

Case II. The cells are connected through diodes in 
such a manner that only the one which is most brightly 
illuminated is in use. In this situation, the integration 
should be over a shorter range (90° for 6 cells, 30° for 
12 cells if the tumbling and spinning is random and 


long periods of time are considered). The effective 
operating point, P, in this case, should be chosen such 
that P; < P < Ps, where P; and P, are as in Fig. 10. 

It should also be noted that the speed of tumbling 
and /or spinning has no effect on the choice of optimum 
load for the integration is over a period or some fraction 
thereof and the time always cancels. In summary, the 
optimum load is determined by both the kind and the 
nature of the application. By kind, we mean essentially 
how the intensity varies on that particular cell and 
whether or not the cell is to be used in conjunction with 
a sun-seeker. By nature, we mean how the cell is con- 
nected electrically; in other words, over what portion 
of its “illumination period” it will be active in supplying 
power to its load. This evaluation also points out the 
usefulness and importance of the diode curve of the cell. 
In the final analysis, it is always the diode curve which 
determines the optimum load resistance. 


SOLAR CELL CURVE TRACER 


A useful and extremely simple piece of equipment 
which was built for the purpose of displaying solar cell 
curves is shown in Fig. 11. The cell to be measured 
(Cell 1) is attached, along with a second cell, to one 
surface of a mounting which can be rotated in sunlight 
or in artificial illumination. 


Mode of Operation 

The operation of the curve tracer assumes the simi- 
larity of the ratio of generator current to angle of inci- 
dence of light in the two cells, and the cells should there- 
fore be of similar design, particularly with regard to any 
surface coating (though it is not essential for them to be 
of the same shape, area, or even material). 

The intensity of illumination is a function of the angle 
of incidence of the light, and Cell 2 therefore produces 
a current through the 0.5 ohm resistor, and voltage 
across it which is proportional to the intensity of the 
light. This voltage is applied to the vertical deflection 
plates of the cathode ray tube, representing the current 
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Fic. 11—Solar cell curve tracer. 
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ordinate of Cell 1. The open circuit voltage of Cell 1 is 
meanwhile applied as horizontal deflection. 

Both amplifiers in Fig. 11 are of the d-e type, so that 
if the cell mounting is stationary, the cathode ray tube 
beam rests at a point whose vertical coordinate is re- 
lated to the short circuit current of Cell 2, and whose 
horizontal coordinate is related to the open circuit 
voltage of Cell 1 at the particular intensity of illumina- 
tion being experienced. Any difference which exists be- 
tween the short circuit currents of the two cells may be 
taken up by adjustment of the gain of the vertical am- 
plifier, and since both cells are on the same plane, the 
relative intensity of light is the same for both at every 
angle of incidence. Since short circuit current is to all 
intents and purposes directly proportional to intensity, 
it is permissible to use the short circuit current of Cell 2 
as an indication of the diode current in Cell 1. 

The generator current, as explained in Section 1, must 
flow across the diode to give the open circuit voltage, 
so that for every current, the corresponding voltage is 
plotted, and the trace on the oscilloscope screen is that 
of the diode curve of Cell 1. 


Use of Curve Tracer 


Adjustment of Vertical Amplifier 

Suppose that Cell 2 delivers a peak current of 40 ma 
in the 0.5 ohm resistor. The voltage input to the vertical 
amplifier will then be 20 mv, and the abscissa may use- 
fully be calibrated from 0 to 40 ma. If Cell 1 has a 
maximum short circuit current of only 30 ma, the ampli- 
fier must be adjusted so that the trace reaches no further 
than 30 ma. In practice, therefore, a preliminary adjust- 
ment is made by connecting Cell 1 to the 0.5 ohm load, 
with Cell 2 disconnected, and noting the height of the 
trace. With the original connections restored, the am- 
plifier gain is then adjusted so that the vertical deflec- 
tion attains exactly the same peak amplitude as noted 
for Cell 1. A simple switching arrangement can be pro- 
vided to facilitate the making of this adjustment. 

Minor Refinements and Improvements 

The general usefulness of the curve tracer may be im- 
proved by a few minor additions. A momentary contact 
switch, actuated by the rotating mount and capable of 
being adjusted to a stationary position with respect to 
the angle of rotation, can provide a marker at any de- 
sired point on the diode curve. The switch can cause the 
application of half-wave rectified a-c first to the vertical 
amplifier and then to the horizontal amplifier (the half- 
waves being 180° out of phase with each other). This, 
in effect, draws in the x and y projections, PQ and ST 
of Fig. 6. 

The rotation of the mount can be stopped at any 
time and the trace will remain stationary at a point on 
the diode curve. While the trace is stopped, a sensitive 
a-c bridge can be used to measure the slope of the diode 
curve at the point of stoppage. 

An electronic or mechanical chopper can be used to 
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Fic. 12—Typical diode curves of cells of varying quality, as 
displayed on the curve tracer. 


interrupt the trace and apply a deflecting voltage which 
‘an be adjusted to simulate Js¢ , and the line JseS of 
Fig. 6 can be conveniently traced simultaneously with 
the diode curve. 

Such refinements can be added as modulation of the 
intensity of the beam to render all the traces of equal 
brightness, or scribed transparent screens to draw in the 
various slopes and load lines. 


CRITERIA FOR A GOOD CELL 


The type of electrical analysis which has been dis- 
cussed can be applied towards predicting the merit of a 
cell from a visual inspection of its diode curve. What 
then constitutes a ‘‘good”’ diode curve, to distinguish it 
from an indifferent one? Parenthetically, it may be 
noted that the best diode curve from this electrical 
viewpoint would be that of a perfect insulator, in which 
the current generator would produce infinitely great 
power; but this thought merely emphasizes that the 
current generator and the diode cannot intelligently be 
thought of as separate entities. 

Good, bad, and indifferent diode curves are shown in 
Fig. 12. Care is necessary in interpreting the differ- 
ences between curves in terms of merit, but if the plot- 
ting device described in the previous section is used, the 
curves can provide some useful pointers. 

What has earlier been called the ‘electrical efficiency”’ 
of the cell is only one of a number of component effi- 
ciencies, and the over-all efficiency of the cell is the 
product of the individual component efficiencies. These 
component efficiencies can be identified as: 

(a) Conversion efficiency, relating to: (1) reflection— 
some of the incident light will be reflected from the sur- 
face of the cell; (2) wavelength—some of the light reach- 
ing the cell will have wavelength outside the spectral 
response of the cell and so will not produce electron-hole 
pairs; (3) recombination—of the electron-hole pairs 


* 
% 
¢ 
‘ 
17 
is 


60MW 
50 
40 
30 
Fig. 13—Scribed hyperbolas of constant power enable direct 
readings of solar cell efficiencies to be displayed along 
with the diode curves. 
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Fic. 14—Interpretation of usefulness of cells from the diode 
curves 


created, some will recombine before diffusing to the 
junction. 

(b) Electrical efficiency, of those pairs which are not 
previously consumed, some (or all) will diffuse back 
across the junction in an effort to restore equilibrium. 

The device illustrated in Fig. 11 has the advantage 
that the entire conversion efficiency is automatically 
allowed for; the product of Js¢ and V oe is indicative of 
the nature of this conversion efficiency, and peak ex- 
cursion of the diode curve may be examined on a hyper- 
bolic power plot superimposed on the /-V oscillogram, 
provided that the peak light intensity does not change 
between measurements. Typical plots are shown in Fig. 
13, showing the interpretation from this standpoint of 
the good, bad, and indifferent diode curves of Fig. 12. 

It should be noted that though one of the cells attains 
a peak which corresponds to 60 mw, this does not mean 
that 60 mw of electrical power is produced by it, but 
only that within a normal operating range, those cells 
which produce the largest JseV oc products will be the 
same ones which produce the most electrical power. 


As between cells which have the same peak excursion 
of LsceVoc , those which exhibit a sharper knee, as il- 
lustrated in Figure (14), are the best for most con- 
ventional applications. 

It may be mentioned here that if cells are to be se- 
lected for use in a series cluster, i.e., all on the same 
geometric plane, it is not necessary from power con- 
siderations that their diode curves should be identical. 
The maximum power output from the cluster, however, 
will equal the sum of the individual maximum powers 
(in different individual values of optimum load) only if 
the optimum load current in each cell (PS, Fig. 6) is 
the same. 

In summary, the diode curve has been shown to be a 
valuable design parameter. By considering the proposed 
application of the solar cell in detail, an equivalent 
operating point on the diode curve can be established. 
Once this operating point is known, the design charac- 
teristics of the cell are specified. The equivalent operat- 
ing point depends on two separate aspects of the pro- 
posed application. First, the nature of the load will 
determine a “range of interest”? on the voltage scale 
and thereby specify which portion of the diode curve is 
important. Secondly, the manner in which the incident 
light intensity varies may further limit the significant 
portion of the diode curve. The final operating point, 
then, lies on this section of the curve. If the optimum 
load (the slope of the diode curve at the equivalent 
operating point) is not the actual load required, then it 
may be beneficial to redesign the circuit or the solar cell 
(e.g., by changing the area or number of cells in parallel) 
so that there is a reasonable match between actual and 
optimum value of load resistance. 

It is to be noted that the diode curve itself changes 
shape as the illumination is varied. The term /, in 
Iq. (3) inereases with illumination, and this gives rise 
to a curve in which the current is a function of the in- 
tensity of illumination as well as of the voltage. The 
curve-tracer as shown in Fig. 11 gives a curve which is 
suitable for qualitative analysis, but for quantitative 
work the cell under test (cell 1) should be terminated 
with the load which is to be used in the required 
application. 
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Solar Distillation of Salt Water in Plastic Tubes 
Using a Flowing Air Stream 


By Ehab Salam and Farrington Daniels 


Solar Energy Laboratory and Department of Chemistry, University of Wisconsin, Madison 


Experiments on the solar distillation of salt 
water are described in which the blackened water 
partially fills long horizontal plastic tubes. Air is 
swept along the surface of the solar-heated water, 
and the water vapor is removed in a water-cooled 
condenser. The effect of one or two enclosing 
tubes and the effect of different types of plastics 
were studied. The efficiencies of solar distillation 
were about 20 to 40 per cent, based on hourly per- 
formance and on the area of water intercepting 


the radiation. 


Most of the work on solar distillation of salt water has 
been done with pools of water on black troughs covered 
with a sloping roof of glass or plastie which is kept cool 
by the atmospheric air. The water vapor which con- 
denses on these covers runs off at the side as fresh 
water. 

A somewhat different approach has been deseribed,!: ? 
in which the salt water is blackened with a little dye 
and placed in a long, partially-filled plastic tube sur- 
rounded by a second air-inflated tube to reduce heat 
losses. The heated water vapor is not condensed on the 
covering roof, but is swept along in a current of air and 
then removed in a condenser tube surrounded by in- 
coming cold water. 

The advantages of this system are: (a) simplified 
construction in which long tubes are simply laid on in- 
sulated material on the ground so that no framework or 
structure is necessary, (b) water-cooled condensation, 
instead of air-cooled condensation, with its lower tem- 
perature, (c) condensation of the water vapor in a small 
volume under conditions such that the condensing vapor 
‘an heat up the incoming salt water, and (d) elimination 
of the condensation of water droplets on the walls of 
the plastic tube which scatter the light and reduce the 
solar heating. 

The disadvantages are obvious. The flow of air along 
the top of the water in the partially-filled tube requires 
extra power for operating a blower and such power is 
not readily available in many locations where the solar 
distillation of salt water might be practical. The surface 


area of the condenser must be large enough to remove 
the water vapor from the air stream. 

The experimental work described here was under- 
taken in an attempt to learn more about this air-flow 
method, to test out newly-developed plastic material, 
and to obtain information from which the relative ad- 
vantages and disadvantages can be evaluated more 
quantitatively. 

In the earlier work of Herlihy,' the fresh water pro- 
duced was about 30 per cent of the maximum amount 
calculated on the assumption that all the solar radiation 
was used in evaporating water and that all the water 
vapor was condensed and recovered. It was hoped that 
a slower rate of air flow would give a higher saturation 
of water vapor in the air current and a higher efficiency 
in recovery. The data reported here show some improve- 
ment but not as much as had been expected. 


EXPERIMENTAL PROCEDURE 


Plastic tubing, 3 m long and 4.85 cm in diameter with 
a wall thickness of 0.025 mm, was stretched out on a 
wooden table in the sunlight and partially filled with 
salt water. The ends of the tube were fitted with wooden 
dises to hold the water. Each had a hole in the bottom 
for the circulation of the water and a hole in the top for 
the flow of air. The water was rendered completely 
black by the addition of a gram of a black, water-soluble 
sulfur dye (Rit). When the plastic tube was half-filled 
with water, it produced an elliptical cross-section in- 
stead of a circular one, and the width of the water pool 
in the tube was 5.5 em. The length of 300 em gave a 
total horizontal exposed water area of 1,650 sq em. 

A second and larger plastic tube (9.7 em in diameter 
with a wall thickness of 0.025 mm) was placed around 
the water-containing tube and inflated slightly with air 
to give a circular cross-section. It increased the tempera- 
ture of the water greatly by keeping air currents away 
from the water-containing tube and by acting as a heat 
trap to absorb the long infrared radiation emitted by 
the hot water. 

Three different plastics were used: Mylar, a polyester; 
Kel-F, a fluorinated plastic; and 100-X Teflon film, a 
new, completely fluorinated plastic, now being devel- 
oped by the E. I. du Pont de Nemours Co., Ine., which 
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TABLE I 
DISTILLATION OF Sact WaTER IN 100X TEFLON TuBE witH ONE ENCLOSING TUBE 


| 
Temperature (°C) 
| Efficiency (% 


Solar radiation Yield of condensed —- 


Date Time of day water (cu cm) 
Atm. air Water in inner tube | Condenser water | 
7/6/58 10-11 a.m. 88 .2 9S 26 §1.5 26.5 36.4 
12:30-1:30 p.m. 91.4 100 27 50 27 35.8 
2:10-3:10 p.m. 91 99 27 50 27.5 | 35. 


Average 


tange 74-91.4 89 .5-100 23-28 47 .5-50.5 23 .5-28.5 35 .6-39.4 


TABLE II 
SUMMARY OF SoLaR DIsTILLATION DATA WITH DIFFERENT PLASTICS 


Temperature (°C) 


Number of Solar radiation Yield of ' 
Plastic Date Determina- (cal-cm™2- condensed Efficiency (%) 
tions hour” water (cu cm) : Water, inner Condenser 
Atm. air tube water 


Kel-F (1 encl. tube 9/1 to 9/5, ’57 13 
Ave rage 66.7 50.3 24.2 49.4 24.6 30.2 
Ranae 34.8 75.5 29 .5-70 18-30 45-55 18-30 27-32 .5 


Kel-F (2 encl. tubes 9/6 to 9/9, °57 
Average 64.5 74.2 21.4 50.7 21.8 36.6 
Range 59 .5-69.5 62-77.5 20-24 49-53 20-24 34.1-37.7 


Mylar (1 encl. tube 10/12 to 10/13, °57 6 
Average 48.7 28.8 16.2 36 16.7 19.4 
Range 42.5-52.5 25-30 15-17.5 34-37.5 | 15.5-18 18.7-20.1 
Average 7/15 to 7/18, ’58 7 78.1 40.8 19.7 40 20.1 20.4 
Range 44.8-82.9 30-52 16-23 36-43 .5 16-23.5 | 18.6-22.1 


Mylar (2 encl. tubes 6/19 to 6/27, ’58 9 
Average 74.4 52.9 23.2 46.1 24.1 23.3 
Range 54-91.5 35-59 21 .5-24 46-48 22 .5-25 22. 7-23 .9 


has shown remarkable ability to withstand sunlight timum, a lesser amount of water will be evaporated, 
without deterioration. * and again the yield will be low. The optimum rate will 
The exit warm air, nearly saturated with water vapor, depend on the radiation and other conditions. 


was passed through a coil of copper tubing surrounded 


EXPERIMENTAL RESULTS 


by the incoming salt water. The condensed water 


dripped down from the coil and was collected in a small A typical set of data with 100X Teflon plastic, using 
graduated cylinder. After steady state conditions were one outer enclosing tube, is given in Table I. 
reached on a clear, sunny day, the measurements were The per cent efficiency was calculated as shown in the 
usually made for periods of one hour during which from following example for the last row of data in Table I, 
20 to 100 cu em of distilled water was collected. where the solar radiation for the hour was 75.6 keal per 
The rate of flow of air, taken from a compressed air sq em on a water area of 1650 sq em and 90 cu em of 
line, was kept at 6500 liters per hour, as indicated by a water vapor was condensed. The heat of vaporization of 
wet gas meter. This rate was found by experiment with water was taken as 540 keal per gm. Thus, the efficiency 
the Kel-F plastic to be the optimum rate. If the flow of is 90 & 540/(75.6 X 1650), or 39 per cent. 
air is greater than this optimum, the heat capacity of Table II gives a summary of similar data with other 
the surplus cool air will waste heat and reduce the plastic tubes, each carried out over a one-hour period. 
evaporation of water, and there will also be a greater The area of water exposed and the rate of flow of air 


loss in the condenser; if the flow is less than the op- were about the same, but the solar radiation on the days 


of the test varied considerably. 
* We are indebted to Mr. Frank Edlin and the DuPont Co. The data are shown graphically in Figs. 1 and 2 


for this 100-X plastic. Some experiments were carried out with ; ; : 
two outer enclosing tubes instead of one. where both the vield in cubic centimeters of condensed 


| 
6/4/98 a.m. 83.9 96 23 48 23.9 
12-1 p.m. 86.4 97 23 48.5 24 36.7 
7/8/58 10-11 a.m. 77 91. 23 48 23.5 38.9 ee a 
11:25-12:25 p.m. 78 92. 23.5 47.5 24.5 38.8 
1:30-2:30 p.m. 75.5 90. 24 47.5 24.5 39.1 
7/9/58 10-11 a.m. 74 89. 27.5 50 27.5 39.4 ‘ ee On 
12-1 p.m. 80.5 93 28 50.5 28.5 37.8 
1:25-2:25 p.m. 75.6 90 27.5 49 27.5 39 a) ak 
| 82 94.3 25.4 49.1 25.8 37.7 
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Fic. 1—Yield of solar distilled water at different solar radiation 
with different plastic tubes. 
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Fic. 2.—Efficiency of solar distillation of water with different 
solar radiation with different plastic tubes. 


water per hour and the percentage of maximum effi- 
ciency of solar distillation and condensation are plotted 
against the total radiation in calories per square centi- 
meter per hour. 
DISCUSSION 
In Fig. 2 it is seen that as the solar radiation in- 
creases in intensity more water is distilled per square 
centimeter per calorie of radiation. The efficiency, how- 
ever, passes through a maximum and decreases slightly 
for still higher radiation intensity. This decrease may 
be explained by greater heat losses and perhaps by the 
limitation of a fixed air flow which was used in all the 
experiments. At the higher radiations and higher tem- 
peratures a more rapid flow of air through the tube 
might well increase the amount of water evaporated per 
calorie of radiation. Occasional collection of moisture 
droplets on the plastic surface may have been a factor 
in some of the experiments at the higher radiation 
intensities. 

The efficiency of distillation is affected by the type 
of plastic used. The best results were obtained with the 
new 100-X Teflon plastic. The Kel-F gave yields which 


were almost as good. The distillation with tubes of 
weatherable Mylar was appreciably less. One factor in 
this difference may be the infrared absorption spectra, 
as shown in Fig. 3. The spectra for 100-X Teflon and 
Kel-F are much alike and both show high absorption 
in the range 8-9 » where the radiation emitted by the 
heated water is high. The Mylar is less absorbing in this 
part of the spectrum and the ‘heat trap”’ is less effec- 
tive. 

In connection with the Kel-F plastic, it should be 
stated that the thick material used by Herlihy in 1953,” 
which came from a different source, became quite brittle 
and unsatisfactory after storage for several months. 
However, the Kel-F plastic used in the experiment de- 
scribed here appeared to be unchanged after a year and 
a half. 

It is evident from the data of Figs. 1 and 2 that two 
plastic tubes around the water-containing tubes give a 
higher temperature and a higher efficiency than one such 
tube. The second enveloping tube retains still more of 
the heat radiated by the solar-heated water, and it in- 
creases the protection against cooling by the surround- 
ing atmospheric air. However, the second enveloping 
tube is larger in diameter and adds appreciably to the 
installation cost. Furthermore, the efficiencies are cal- 
culated on the basis of the area of water in the inner 
tube exposed to the sun’s radiation. The additional area 
covered by the enveloping tubes takes up additional 
ground space, without contributing water area, and re- 
duces the amount of water that can be distilled per unit 
of ground area covered. 

One advantage of this type of solar still is the sim- 
plicity of construction. The tubes are merely laid on 
insulating material spread on the ground, and there is 
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Fic. 3.—Infrared absorption spectra of 100-X, Kel-F, and 
weatherable Mylar. 
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no rigid frame to be built or maintained. One can 
imagine situations in which these plastic tubes could be 
rolled up and stored in a small volume to be used only 
on a reserve basis. For example, an island in the Pacific 
Ocean which is dependent on rainfall for its fresh water 
might meet the emergency of a long, continued drought 
by rolling out a solar still. Even hand operation of 
pumps and fans could be considered under such condi- 
tions. 

One serious disadvantage of this type of solar dis- 
tillation is the added complication of fans or blowers 
which are required to blow the air through the plastic 
tube and condenser. In many areas where solar distilla- 
tion of water would be practical, there are no electric 
motors or gasoline engines. Experiments were tried out 
with a solar-heated chimney to create a draft which 
would suck air through the still. Experiments with 
solar-heated chimneys, 3 ft high, were unsuccessful, but 
it is planned to try out much taller chimneys. The cur- 
rent of air passes along the surface of the salt water 
and does not have to bubble through any liquid. Ae- 
cordingly, it is not necessary to have a high pressure 
difference for forcing the air through the tubes. 

In the more common type of solar still, the water 
vapor is condensed on an air-cooled roof of glass or 
plastic. Since the covering must be cooled, it is not 
possible to surround it with an enclosing envelope which 
leads to higher water temperatures as obtained in the 
experiments described here. Moreover, the water con- 
densed on the roof may give droplets which scatter the 
light and reduce the radiant heat which reaches the 
water. Occasionally droplets of water do form on the 
inner plastic tube described here, but ordinarily this 


objectionable condensation can be eliminated. If neces- 
sary the inner plastic tube could be arranged to absorb 
sunlight very slightly and thus provide a temperature 
a little above that of the flowing air. All the water 
vapor would then be carried to the water condenser, 
and none would come out on the walls of the plastie 
tube. 

The experiments described here show that a small, 
simple solar still, made from two long concentric tubes 
of thin plastic, is practical and effective when used with 
a flowing air stream. The efficiencies are reasonably con- 
sistent, and in bright sunlight they run up to 40 per 
cent, based on experiments of one-hour duration and 
on the area of the water exposed. The experiments show 
that the new 100-X Teflon is a superior plastic for solar 
distillation. Further data are needed on the optimum 
rate of air flow, on the condenser area required, and on 
the cost of blowing the air. Data are needed also on the 
costs of material and on the behavior after months and 
years of exposure under operating conditions. This type 
of solar still requires a minimum in construction costs 
and gives a higher water temperature. 
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Thermodynamic Treatment of Air by Solar Radiation 


By J. H. Dannies 


Rise in temperature of matter by direct solar 
radiation is relatively small for conventional 
technical utilization, if solar furnaces or solar 
mirrors are not additionally employed. Additional 
solar machinery is expensive and reduces thermo- 
dynamic efficiency by additional heat losses as 
well as financial attractiveness by additional 
amortization costs. Exploitation of small differ- 
ences in temperature for transforming solar ra- 
diation into air conditioning and into refrigera- 
tion at economic running costs has not yet been 
developed. The known thermodynamic reversible 
cycles are not economical, and other methods 
have to be evolved. 

A new reversible cyclic process for treating 
mixtures at atmospheric pressure with little rise 
in temperature has been set up, and its utiliza- 
tion for solar air conditioning and solar refrigera- 
tion is shown. It establishes procedures that are 
thermodynamically perfect and technically sim- 
ple. Removal of drinking water from the air by 
solar pumping, solar refrigeration, and solar air 
conditioning are obtained without any inter- 
mediary machinery. 

The new reversible cycle completes for humid 
air the principle of reversibility for exchange of 
heat or of matter either by utilizing differences in 
temperature more perfectly than has been pos- 
sible up to now, or by lowering the obtainable 
refrigeration temperature at the expense of the 
cooling effect. Exchange of heat and of matter are 
no longer different means to the same end. In 


joint action they can now be employed for solving 


opposite problems and thus complement each 
other. 

All changes of state in air conditioning and 
refrigeration within the considered range of tem- 
perature are performed in open atmosphere. In 
practice they are approximately reversible and 
do not demand mechanical or electrical work. 
The new reversible cycle extends exchanges of 
state and matter of humid air from the curve of 
saturation to the range of superheated steam. 
The cyclic procedure for solar refrigeration re- 
quires only water as a refrigerant and no other 
hygroscopic substance or pressure except atmos- 


Bonn, Germany 


pheric, and for drive small differences in tem- 
perature suffice. 


INTRODUCTION 


All origin of our being arrives from the sun. Like 
all other suns of the universe it is an accumulation of 
mass and energy, and like all other suns it acts radio- 
actively in reducing the existing level of energy. It 
lavishes its mass, and the characteristic of the pro- 
cedure is a permanent increase of entropy. Just as 
water flows asunder, so energy and, consequently, mass 
strive for the value zero at infinitely large entropy. 

There are physicists who suggest entropy may be an 
oscillation. Then we have caught with “entropy” a 
lappet of a certain law of nature, the rest of which is 
unknown to us. If so, entropy would be a function of 
time, and ages later it would have the opposite tend- 
ency and decrease until the amplitude of oscillation 
has been passed again. Then entropy would once again 
start to increase; and a new edition of ‘‘our universe” 
would have to follow ‘‘our universe” with all its physi- 
cal limits at all four boundaries because of Einstein’s 
hypothesis, and eternity would be present in physics. 

However, philosophy in natural sciences does not 
lead away from the initiator of all our actions and 
reactions—increasing entropy. Philosophy tries only to 
explain by mankind’s conscious actions and reactions 
to increasing entropy, every development by its rules. 
Fortunately for our opinion of destiny, nature is patient 
and does not seem to count time as we do. For it permits 
braking of flux of energy to zero by accumulating 
energy quantities in wood, coal, oil, etc. It always acts 
elastically and postpones the striving of entropy to 
infinity wherever reasonably attempted. All living 
beings have found existence on this elasticity, but the 
strive to infinity can only be braked and never stopped. 
All our conscious and unconscious actions and reactions 
are directly and indirectly based upon this order. 

Since mankind started to act logically, interpolation 
of procedures into the flow of entropy to infinitely large 
size has been tried. With mental perspiration, experience 
interpolating into the flux of energy has been brought 
into an order recognizable to us. By this order mankind 
is sometimes led to procedures which are economic in 
relation to flux of entropy. In thermodynamics these 
procedures are called ‘reversible cycles’’—a_ precise 
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term that rules as well as criticizes. Every procedure 
not harmonizing with reversibility is to be refused as 
it does not fit physically into our destiny—flux of 
entropy to infinity. 

Branches of physics of unarranged masses, like 
thermodynamics, especially need reversibility as a eri- 
terion of physical efficiency. Up until now very few 
reversible cyclic procedures have been found for han- 
dling solar energy accumulated on the way to infinitely 
large entropy. These stored quantities are of another 
kind and another quality than energy delivered by 
direct solar radiation. For this reason success will most 
probably not be permanent for solar plants that com- 
bine direct solar radiation with conventional machinery 
which runs at a reversible cycle defined to accumulated 
solar energy. 

The conventional way of engineering thinking in 
thermodynamics is application of high temperatures for 
moving small energy quantities. The method has always 
proved to be correct if, into flow to infinity of entropy, 
reversible thermodynamical cycles for the use of accu- 
mulated solar energy are interpolated. Accumulated 
solar energy and direct solar energy differ widely. 
Direct solar energy presents energy quantities in 
abundance, but they can be received only at low 
temperatures if complicated and expensive solar 
apparatuses are not interposed. For this reason, modes 
of treatment of energy other than the customary ones 
must be found before thermic and economic efficiency 
is proved. 

This need can be met, and methods of utilizing 
direct solar radiation are already known which solve 
technical problems and attain remarkable efficiency. 
They employ reversible cycles, which have been un- 
known up to now and have been born out of the novel 
situation in which the abundant solar energy quantities 
are received at low temperature level. For instance, 
solar radiation is transformed into electricity directly 
by photovoltaic converters. They gain 11 per cent and 
more of the incident solar radiation in the form of 
electric energy. The percentage is of an order that 
provides technical and perhaps already financial econ- 
omy. 

A search for a reversible cycle harmonizing with 
direct solar refrigeration and direct solar air condition- 
ing has also been reported during the past years.” The 
reported tests indicate that already arrangements of 
absorption refrigeration procedures besides conven- 
tional ones are possible, and relatively low boiler tem- 
peratures have been used. Thus, the production of 
drinking water by solar radiation from brine of the con- 
sistency of sea water is accomplished by boiling by solar 
regeneration, followed by condensation within inert gas. 
The procedure used is in effect the same diffusion pat- 
tern employed for the latest absorption and resorption 
refrigerators. However, all these tests describe methods 
for the saturated and not for the unsaturated state of 


the employed mixture. Keeping to the saturation curve 
of pure humid air means a limitation in thought, and 
available possibilities are not recognized. The desired 
reversible cyclic process will not be found along but be- 
side the saturation curve of humid air. Work on another 
aspect of refrigeration thermodynamics produced years 
ago the necessary reversible cycle; it belongs to the 
thermodynamics of mixtures. 

Thermodynamics of mixtures is a relatively young 
branch of knowledge. It had not been advanced suffi- 
ciently for giving a summary survey’ before 1937, 
though the reversible cyclic process in question was 
recognized in 1928. Intense practical work on it started 
in 1930.° It was presented publicly’ for the first time 
in 1936, and it was discovered in developing absorption 
kryotherms* and resorption kryotherms.’t Since the 
advantages to solar techniques are obvious’ it seems 
advisable to discuss the new reversible cycle in con- 
nection with solar plants in detail. 


REVERSIBLE CYCLIC PROCESS WITH 
HUMID AIR AND ABSORBENT 


Customary refrigeration processes do not suggest 
direct use of solar radiation. All depend upon utilization 
of solar energy stocked in one or the other natural 
energy accumulators. Most of them even require trans- 
formation of this stocked energy into mechanical work 
for producing the required effect. Usually, complicated 
arrangements are necessary, and permanent service of 
machinery is unavoidable. Such requirements do not 
suggest searching this conventional body of ideas for an 
existing solution of the unconventional problem of using 
direct solar energy for treatment of air in refrigeration 
processes. 

However, roots for application of direct solar radia- 
tion exist already. Many difficulties are eliminated if 
mechanical work is not needed. Mechanical work is 
already considerably reduced in employing absorption 
refrigeration instead of compression refrigeration, and 
mechanical work is entirely cut out if absorption 
kryotherms are used. They reduce the drive for the 
refrigeration plant to the supply of heat produced either 
by combustion or electric resistance. The same principle 
of procedure would hold if direct solar radiation could 
be used for driving the plant, and if the system could 
be run with the refrigerant water, as water is one of the 
elements of life and cuts out all of the dangers of cus- 
tomary refrigerators. Furthermore, water is cheap and 
present everywhere. Atmospheric air carries water 
vapor, and all water vapor rising after evaporation 


* Absorption and resorption refrigeration machines without 
moving parts, without mechanical pumps, without valves, and 
with additional inert gas are also an invention of E. Altenkirch. 
He and his collaborators called this type of refrigerator ‘“‘kryo- 
therm’’. Therefore, this term is also used in this paper. 

+ The National Physical Laboratory of Israel has recog- 
nized the importance of the now reversible cycle. Large-scale 
tests have been started to coordinate this type of refrigera- 
tion with climatic conditions at the site. 
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would not have to be collected for pedantically sep- 
arated condensation but could be exhausted at any 
place. 

Kryotherms make use of: (1) internal heat exchange 
without requirement of mechanical work; and (2) in- 
ternal exchange of matter also without performance of 
mechanical work; and one may also presuppose (3) that 
the evaporated refrigerant quantity is moved by dif- 
ferences in temperature in utilizing certain geometrical 
configurations of the kryotherm. Solar radiation causes 
less rise in temperature than is necessary for known 
kryotherms; therefore, all movement of the evaporated 
water would have to be caused by smaller differences in 
temperature than the boiling heat that the customary 
kryotherm delivers. These three presuppositions have 
to be scrutinized for the suggested drive of kryotherms 
by direct solar heat and for the employment of water 
as the refrigerant. 

By internal heat exchange different stages of tech- 
nical procedures are often connected. Thus the heat 
exchanger between concentrated and dilute solutions 
of an absorption refrigeration machine may exchange a 
large quantity of absorption heat and often contributes 
decisively to the economy of the procedure. 

Internal heat exchange usually excludes external 
work. The acting quantity of matter is led along one 
side of a surface to a high temperature and then returns 
along the other side to a low one or vice versa. The 
mathematical limitation is exchange of very large heat 
quantities while at the place of reversing the direction 
of flux of matter very small heat quantities are required 
for maintenance of the procedure. There are no diffi- 
culties in the use of any size of heat exchanger in any 
machinery. They work without motion and do not re- 
quire any mechanical work while the substances ex- 
changing heat pass, thus fulfilling the first presupposi- 
tion. 

Similarly, internal exchange of matter can connect 
different stages of a procedure. For example, humid air 
can be dried by diffusion through steam-permeable 
walls. Along them an air current is passed in counter 
current, going to a room of very high dryness and then 
returning. The procedure is used for ventilating rooms 
to be kept at negligibly small humidity. With this 
internal steam exchange, rooms are ventilated, and 
noxious gases are removed at the same time. The pro- 
cedure shows that internal exchange of matter is pos- 
sible without moving machinery. 

At all these interchanges in temperature and /or com- 
position, one quantity of substance moves first in one 
and then in the reversed direction. Such working cycles 
are obviously reversible. For instance, cooling air by 
volatilization of water until the dew-point is attained 
is made possible if heat exchange is arranged between 
the dry air which runs to the surface of volatilization 
and the humid air which leaves this surface. 

The first and the second presuppositions are then 


fulfilled. The third one raises difficulties, as the use of 
water for refrigerant in mixture with the inert gas, 
“dry air,” does not seem to be of sufficient elasticity. 
Up to now the mixture has been known to be control- 
lably variable only in humidity contents along the 
saturation curve. Within the zone below this curve, 
water vapor contents of humid air have not yet been 
controllably varied. Thermodynamically the difficulties 
xan be comprehended into two requirements: 

(1) Independence of the saturation curve of pure 
water is to be obtained in exchanging humidity con- 
tents of air. 

(2) Between humid air and absorbent the state of 

equilibrium has to be found for exchanging water vapor 
quantities. 
The key to the problem is offered by hygroscopic 
substances. The vapor pressures at the surface of 
these absorbents supply the wanted solution, and 
hygroscopic matter is available in abundance. 

Simply placing absorbent into an air conditioner or 
refrigerator does not yet gain reversibility. All proce- 
dures with hygroscopic matter for drying or humidify- 
ing air known up to now do not even approach re- 
versibility. Careful separation of hygroscopic substances 
that carry different loads of humidity and conscientious 
conduct of the procedure are necessary. Otherwise, 
satisfactory approximation to reversibility will not be 
obtained, and always entropy flux to infinity determines 
that the rate of approximation to reversibility decides 
thermodynamic and, consequently, financial economy 
of the procedure. 

Connection of the principle of reversibility of ex- 
change of matter to hygroscopic absorbent seems to be 
the most perfect means to lead reversibly to every 
desired procedure in refrigerating humid air by solar 
radiation. The connection permits running the re- 
versible cyclic procedure under atmospheric pressure, 
and the three presuppositions dictate obviously a 
system of four components for the needed refrigeration 
mixture: 

(1) First mixture with the components (a) inert gas, 
for maintaining atmospheric pressure, and (b) humidity 
in form of water vapor; 

(2) Second mixture with the components (a) ab- 

sorbent and (b) humidity, absorbed in the form of 
chemical composition or adsorbed in the form of liquid 
water. 
By this enumeration an open kryotherm is already 
described working with four components, if dry air is 
considered to be the inert gas and water is used for 
refrigerant. This composition delivers a new refrigera- 
tion procedure, if solar radiation will suffice for a re- 
generation. 

Direct solar radiation is received at relatively low 
temperatures. It thus limits choice of absorbent, which 
always requires certain temperatures for regeneration, 
depending upon physical as well as chemical qualities 
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Fic. 1—Humidifieation of air—obtaining water from the air 
by solar pumping in arid zones. 


but there remain quite a number of liquid as well as 
solid absorbents which comply with the temperature 
conditions of solar radiation. Suitable solid substances 
often work with phenomena of hysteresis in sorption; 
but these do not disturb performance, and solid sub- 
stance is convenient to run a plant of commutating 
action, as plants driven by solar radiation have to be. 

The thermodynamics of the procedure is somewhat 
complicated. least three substances (inert gas, hu- 
midity, and absorbent) are involved; and, additionally, 
heat flux, which oscillates periodically with the com- 
mutating action, has to be considered. method 
presentation in a diagram is possible which permits 
considerable simplification in explaining thermody- 
namic associations. It reduces the explanation to a 
consideration of two variables: the pressure p and the 
absolute temperature 7. The variables appear in the 
form of log p and of the reciprocal temperature 1/7. 
With them, the diagram represents absorbents of con- 
stant water content by a straight line, and, if for inert 
gas dry air is used, the present water vapor pressure 
corresponds to the partial pressure of the humidity of 
air. 

Humidification of a 
humidified at optional differences in temperature. The 


ir is shown in Fig. 1. It may be 


difference may be very small. In order to present actual 
values of a procedure, Fig. 1 and both the following 
figures present data of the mixture of silica gel with 
water. 

Absorbent of different humidity loads and corre- 
spondingly different water vapor pressures ps and ps is 
situated within a warm range of temperature t,,—the 
regenerator. A corresponding quantity of absorbent is 
situated within a colder range of temperature t,—the 
absorber; its partial pressure falls from ps to pz. 

If air from the free atmosphere of the state of starting 


point | enters, it is led to the regenerator and accepts 
the temperature ¢, of the water vapor pressure po. 
It passes the regenerator, and its humidity is increased 
by vapor rising out of the absorbent in regeneration. 
At the end of regeneration the partial pressure rises up 
to p;. With this vapor pressure the humid air is led 
into a cooled room, where it loses temperature. As soon 
as the temperature ¢, of point 4 is attained, condensa- 
tion starts. Condensation is carried on until the lowest 
possible temperature ¢. is obtained, and the gained 
water quantity is led off at point 5. 

Then the air leaves for the absorbent in the cooled 
absorber. The air entering the absorber is still humid, 
as indicated by the partial pressure p;. The absorber 
carries on drying and loads itself with humidity, until 
the dried air leaves it with the vapor pressure pz. 
The difference in pressure (p. — pz) indicates the 
water quantity that has been retained in the condenser. 

For this procedure the cycle may be run in the 
direction of the drawn arrows. Effective regeneration 
and absorption can also be arranged by reversing the 
flow of inert gas. The periods of producing water may 
coincide with solar periods; they may just as well con- 
form to constructive or other regulations, and all de- 
grees of liberty in disposition are maintained. 

In the procedure the first water quantity enters the 
moving air in the regenerator. The second water quan- 
tity is absorbed out of air in the absorber, and the same 
quantity of water always changes place from absorbent 
in regeneration to absorbent in absorption. Then the 
difference pressure (p4 ps) indicates in first ap- 
proximation the water quantity that is gained by 
condensation. This water quantity has to be the same 
as that indicated by the difference in pressure (po — pz). 
The water quantity changing place perpendicularly 
depends upon atmospheric conditions of the air to be 
treated, and it can rise to a considerable amount of the 
condensed water quantity. In first approximation the 
water quantity changing place is in direct proportion 
to the difference in partial pressure (py — ps) respec- 
tively. (ps — pz) and the relation (ps — pz)/(pe — pz) 
may be optionally large, and the difference in tempera- 
ture (t,, — ¢.) for the impulse of the procedure may also 
be optionally small. Consequently, the first criterion of 
reversibility is fulfilled, and change of state not along 
the saturation curve but within the zone of super- 
heated vapor is obtained. 

Thermodynamically important is the discernment 
that the mixture of two components, inert gas and 
water vapor, must be treated by a second mixture of 
at least two components, if change of state is to leave 
the saturation curve. Practical arrangements of the 
cycle are simple, as it is usually found with funda- 
mentally good procedures. Without external or internal 
mechanical work, liquid water is obtained out of even 
very dry air. The procedure may therefore be employed 
to dry rooms to a desired degree, if the air to be treated 
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Fic. 2—Drying of air—solar air conditioning in humid zones. 


enters the set from these rooms and not from the free 
atmosphere. 

The procedure in Fig. 1 describes the left-way cycle. 

teversibility requires proof of existence of the right- 

way cycle. It is given by the opposite task. This is 
drying of air by optionally small differences in tem- 
perature. The right-way cycle has been drawn in Fig. 2. 
The condenser of Fig. 1 is in Fig. 2 replaced by an 
“evaporator” between points 3 and 4. Now air of the 
free atmosphere, of the partial pressure p; = po, enters 
first the absorber of the cold temperature ¢,. The 
entering humid air is dried by the absorbent until the 
partial pressure p; is obtained. 

Then it may be led into a room either to be dried or 
to be cooled, and within, the partial pressure rises to 

It accepts the temperature ¢,, when, after leaving 
the room, it meets the absorbent regenerated by solar 
radiation. Here the moving air is reloaded with hu- 
midity re-arising out of absorbent until the partial 
pressure p; is obtained. With this humidity the air 
leaves for the free atmosphere. 

In comparison to the water quantity received by the 
air in passing the “evaporator”, the water quantities 
exchanged by absorption and regeneration at the small 
difference in temperature (t,, ft.) May again be op- 
tionally small. Again the water quantities correspond to 
the fraction in partial pressures (ps — ps)/(ps — ps). 
Therefore, the right-way cycle also fulfills conditions 
of reversibility, and reversibility of the new cyclic 
process is proved. 

Small differences in temperature have been inten- 
tionally presupposed in the description of the drive of 
the procedure. Unavoidably, the thermodynamic con- 
sequence is that a certain minimum quantity of heat 
must be exceeded for the drive of the cycle, and in 
economic consideration a cheap source of energy for 
the drive is necessary, i.e., infringement on entropy 


flux to infinity has to be paid for. Yet reversibility 
rewards by reducing the payment, and only a small rise 
in temperature is necessary for movement of air. As 
solar radiation is of long duration per day, relatively 
large quantities of absorbent become necessary, and 
absorbents of excellent qualification, as well as of low 
price, have been found and tested for running the 
procedure. 

Assuming that the differences in temperature for the 
drive must be small would be a misapprehension. Their 
smallness has been chosen to demonstrate reversibility 
of solar plants. Wherever larger differences in tem- 
perature are available, they may be employed for the 
developed cycle. The larger the differences in tempera- 
ture that can be produced for driving the plant the 
greater the economy in energy consumption. 

If saving of artificial energy is required, the new re- 
versible cycle can be utilized for heating as well as for 
refrigeration. For demonstration, Fig. 3 has been 
drawn. It shows the first step in obtaining temperatures 
lower than atmospheric ones. The procedures for solar 
refrigeration plants have been developed much further 
than Fig. 3 indicates; yet description of this first cooling 
step demonstrates refrigeration methods, as well as the 
connection of the cycle of Fig. 3 to that of Fig. 2. 

Air enters the absorbent of drying action in the state 
of point | and is dismissed for the room to be refriger- 
ated in the state of point 3. Additional drying and the 
reduction of the vapor pressure of point 3 still further 
is necessary for cooling, as the evaporation tempera- 
ture depends on this pressure. This additional drying 
of the moving air may be done by absorbent which has 
been regenerated at higher temperature than ¢,. In 
the same manner, drying by a substance of lower tem- 
perature than ¢, is possible. The lower temperature 
may be obtained first by heat exchange between points 
3 to 4 and points 6 to 7 and then by water or ice in 
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intermediary heat exchange until point 5 has been 
attained. In this case the air current returning from 
the cooled room passes the absorbent in regeneration 
under conditions that may even cause t, < ¢., as it 
has been drawn in Fig. 3. In regeneration, the partial 
pressure rises from p; to ps. 

This reversible cycle is entirely different from cus- 
tomary cooling of air by ice or by water in evaporative 
coolers, and the procedure is as far as possible remote 
from reversibility. It bars reversibility by change of 
state at constant enthalpy and—worse—at increase of 
entropy. Evaporative coolers do not pay attention to 
air being thermodynamically a mixture of two sub- 
stances which at constant pressure can be reversibly 
treated only by a second mixture. 

In the cyclic procedure of Fig. 3 a steam quantity is 
delivered by regeneration that corresponds to the dif- 
ference in partial pressures (ps — pz) while at the place 


of changing the direction of flow a water quantity is 
removed that corresponds to the difference in partial 
pressures (ps; — pz). Again (ft. — t.) may be small and 


again (ps — pz) may rise considerably above (p; — pz). 
The obtained increase in refrigeration must, therefore, 
correspond to the relation (ps — pz)/(ps — pz). This 
increase obviously comes more into effect the warmer 
and the more humid the air to be treated. It presents 
the key for development of every refrigeration pro- 
cedure of the new cycle. 

Superiority of the new procedure to evaporative 
coolers is also proved by Fig. 3. The figure demon- 
strates that the new cycle has the same refrigeration 
effect with only 4 to 4 of their consumption of water 
or ice. 


Nearly all these thermodynamic possibilities have 


been known. The new cyclic procedure offers for the 

first time their technical utilization because now every 

desired change of state can be run reversibly for treating 
air of unsaturated as well as saturated water vapor 
contents. 

The methods are presented in the log p — 1/T dia- 
gram. As simple as the practical plants are, diagram- 
matical simplification should not hide the intricacy of 
calculation of the procedures. With actual figures, 
troublesome methods of convergence become neces- 
sary, and only approximately correct results can be 
calculated. The temperatures of humidity contents of 
the absorbent are expressed in the diagram by iso- 
therms, and these are the straight lines. Actually the 
temperatures follow curves which approach only the 
lower or the upper end of the drawn isotherms. The 
effective form of these curves, and with them the actual 
diagram, always depends mainly upon the quantity of 
inert air passing through the mass of absorbent. 
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The left-way cyclic process, introduced in the 
preceding paper, is described for obtaining water 
out of air. Two working methods are utilized. The 
first one delivers drinking water out of air without 
any service, maintenance, etc. The second method 
requires opening a cover above the absorbent 
during the evening. The quantity of drinking 
water depends on climatic conditions at the site. 
In Central Europe, the water quantity obtained 
with the second procedure corresponds to 0.90 
to 1.70 mm daily rainfall on a yearly average. In 
the North Sahara, about 150 to 200 miles off-coast, 
it is about 10 per cent more. Water delivery of the 
first procedure is less. The delivered quantity de- 
pends also upon climatic conditions at the site. 
More water is obtained in dry zones, but delivery 
will never be of the same quantity as given by the 
second method. 


INTRODUCTION 


The left-way cycle of the new kryotherm for humid 
air has been described in the preceding paper by ex- 
plaining enforcement of condensation of humidity con- 
tents of atmospheric air. The cycle consists of absorp- 
tion of humidity out of air and of regeneration in 
dismissing humidity into air. For regeneration, heat 
is to be introduced into the apparatus, and absorption 
requires discharge of heat. If solar radiation is used for 
regeneration heat, the part of the water pump receiving 
solar heat must be exposed to sunshine, and the ab- 
sorber obviously requires shade. Both demands can be 
fulfilled simultaneously or successively. Both possibili- 
ties require different designs which shall be discussed. 

For simultaneous resorption and absorption, motion- 
less operation of the cyclic process is obtained simply 
by situating the first main axis of the solar water pump 
in a north-south direction and the second one perpen- 
dicular to the surface of earth. Then in forenoon the 
east part is regenerated by solar radiation, and the 
west part is situated in the shade and in absorbing 
action. In the afternoon both parts reverse their action 
because of the change of angle of incidence of solar 
radiation. 

Successive regeneration and absorption of solar plants 
is obtained by using solar radiation during the daytime 
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for regeneration and during the night-time without 
sunshine for absorption. The successive as well as the 
simultaneous procedure may operate in a cycle of one 
day, and then the working period of solar water pumps 
will coincide with the daily period of sunshine. This 
parallelism in time of period and of daily solar radiation 
is not compulsory. Duration of the working period in 
regeneration and absorption may last from one second 
to the whole day in order to correspond to any tech- 
nical requirement. 

More important than the time question are the dis- 
positions for absorbent. If, for instance, for the period 
of one day: 

(1) Two quantities of absorbent are arranged for 
simultaneous action, each time of absorption and re- 
generation will last about 6 hours. Absorption time of 
the first absorbent quantity is regeneration time of the 
second one, and vice versa. 

(2) One quantity of absorbent is arranged, the times 

of absorption and regeneration have to follow each 
other in successive operation, and each time of work 
will last about 12 hours. 
The water quantity obtained with the second procedure 
is greater than that with the first one. The cause is not 
this doubling of time; there is another reason. For the 
second procedure the solar water pump has to be situ- 
ated with the first main axis in a north-south direction 
and with the second one exactly east-west. For the first 
procedure the first main axis has also to be situated in 
a north-south direction, but the second main axis has 
to be perpendicular to the surface of the earth for 
automatically reversing the east side regeneration into 
absorption and vice versa for the west side. Then the 
second procedure receives only a fraction of the solar 
driving energy. As the intensity of solar radiation fol- 
lows in first approximation the sine curve, with maxi- 
mum at 12 o’clock, a considerable portion of the energy 
collected for regeneration of the first procedure is lost. 
The solar drive can obviously be thus reduced to less 
than 50 per cent of the second procedure. 


SIMULTANEOUS SOLAR WATER PUMPING 


The technical scheme of a simultaneous solar water 
pump is given in Fig. 1. The sketch is to represent a 
cross-section. Both side walls are made of heat-per- 
meable material. They have good thermal contact to 
the absorbent. 
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Heat received for regeneration has to be well retained 
within the compartment that contains the absorbent, as 
an air temperature as low as possible has to be main- 
tained for condensation of steam. Insulation between 
both the external compartments and the condenser re- 
duces the heat flux through their back. To prevent solar 
heat from entering the condenser and the absorbent 
compartment the ceiling has also to be insulated. 

The condenser is made of material of small resistance 
to heat flux. The form has been drawn schematically in 
the same manner as the sketch for elucidation of tech- 
nical action of the left-way eyelic process. 

During forenoon solar radiation strikes the external 
east wall. The incident heat flows into the air contents 
and into the absorbent within the easterly air duet. By 
this heating the absorbent releases retained humidity 
in the form of steam. The steam enters the air volume 
within the easterly air duct and increases the relative 
humidity of this volume. 

At the same time the entering heat raises the tem- 
perature of the air contents. Both influences diminish 
the specific gravity of the air. This air volume swims 
within atmospheric air and starts ascending. A kind of 
chimney draught comes into existence within the 
easterly air duct, and the air moves during forenoon 
in direction of the drawn arrows. 

After leaving the duct the air enters the condenser. 
It is situated in the shade and of lower temperature than 
the air duct where the air enters. Therefore, the air is 
cooled in the condenser. 

The considered air volume is pressed through the 


condenser by new warm air which arrives from the 
easterly air duct during forenoon for the same reason. 
The air volume leaving the condenser is then compelled 
to enter the air duct of the west wall, which contains 
unsaturated absorbent and where the moving air loses 
its humidity by absorption. The rising absorption heat 
leaves the westerly air duct through the westerly heat- 
permeable wall situated in the shade during forenoon. 

Ixperience teaches that the main part of the hu- 
midity carried by the moving air current is absorbed by 
the upper part of absorbent. The following way through 
the lower part dries the moving air to a lower degree of 
humidity than it possessed when entering the apparatus. 
Granulation of absorbent depends upon this knowledge 
of the difference in absorption. 

The absorbing part also implements the movement 
of air. Here buoyancy is lost by delivery of specifically 
light vapor to the absorbent, and specific gravity is 
further increased by cooling for absorption. Both influ- 
ences draw the air from the regenerated part. The air 
volume between the easterly and the westerly parts is 
like a connecting ribbon, and permanent flux of air re- 
entering the free atmosphere behind the absorber is 
maintained. 

During the first forenoon water is not yet present in 
the condenser. Only a certain amount of humidity of 
the air passing the solar water pump is retained. This 
humidity quantity does not suffice to saturate the 
absorbent completely, and the absorbent must be satu- 
rated before any water quantity is delivered. This 
saturation by air takes some time. 

During the afternoon solar radiation heats the west 
wall, and the same procedure is repeated. The tem- 
perature of the air and absorbent rises by solar heat 
entering the westside air duct, and now the east wall 
remains cool. Water vapor pressure within the westerly 
absorbent rises correspondingly, and it expels vapor. 
This vapor quantity causes a rise in humidity contents 
of the air within the westerly duct. By it and the rise 
in temperature the air starts moving, but now in re- 
verse to the direction of the forenoon. 

The vapor entering the solar water pump together 
with the dry air is, during the afternoon, of about the 
same quantity as during forenoon; but the vapor quan- 
tity, moving within the solar water pump from the 
westerly to the easterly air duct, is now greater, be- 
cause the moving air current receives additionally the 
vapor quantity which has been absorbed by the ab- 
sorbent of the westerly side during forenoon and which 
now is driven out of the absorbent again by solar radia- 
tion. The present vapor pressure is now obviously 
higher than during morning hours. During afternoon, 
therefore, more moisture is offered to the absorbent of 
the east side than has left it during forenoon. 

However, the air leaves the easterly air duct drier 
than it entered the westerly one because the easterly 
quantities of absorbent which are down-situated have 
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also been heated during forenoon. By this regeneration 
they have been dried and are now of strong absorbing 
action. 

Each air quantity thus percolating the solar water 
pump leaves water within. The retained quantities of 
humidity increase the water contents of the absorbent 
until at last a humidity quantity of certain weight 
starts an oscillating movement of vapor between both 
the masses of absorbent. In the condenser, then, a 
relative humidity of 100 per cent is always maintained 
while the temperature of moving air sinks and humidity 
must fall out. Then an “‘artificial rain” is started be- 
tween both the masses of absorbent and delivers the 
required liquid. 

One hundred per cent relative humidity remains for 
the air that leaves the condenser and always delivers 
water to the absorbent of the shaded side to such an 
extent that after each change of direction of solar 
radiation a new quantity of humidity is supplied to the 
circulating air for maintaining saturation. By this arti- 
ficial atmosphere of 100 per cent within the internal 
room of the solar water pump, delivery of water becomes 
entirely independent of humidity conditions in the 
free atmosphere. 

The absolute humidity contents of the air quantity 
passing the pump are almost entirely retained by the 
down-situated absorbent, and they are the gained water 
quantities. Their weight varies with the humidity con- 
ditions at the site. Likewise the intensity of solar 
radiation at the site influences performance, and the 
delivered water quantities are a function of the cli- 
matie conditions. In dry tropic and subtropic zones the 
simultaneous solar water pump is of unique perform- 
ance. For instance, in the Sahara, about 150 to 200 
miles off-coast, drinking water has been gained at 
relative humidities of less than 5 per cent. 

Up to now, large simultaneous solar water pumps 
have not been run in permanent installations. The 
principle of this kind of solar water pump has been 
proved by test plants. The largest type has been 22 sq ft 
on either side receiving solar radiation. This test plant 
was run in Central Europe, in South Italy, and in the 
Sahara. Practical experience with these test sets has 
shown that humidity can leave the unit again at the 
end of the half-day period, and then efficiency decreases 
if the quantity of acting absorbent is too small for the 
climatic conditions present. Similarly a decrease in 
efficiency is found if the moving air quantity becomes 
too large for the quantity of absorbent present. 

The gained water quantity depends upon the ab- 
sorbing capacity of the absorption material, its quan- 
tity, and upon the attained regeneration temperature. 
By throttling the moving air volume these depend- 
encies can be influenced. The optimum of gained water 
quantity is obtained by regulating correctly the moving 
air volume. Every solar water pump has a certain ratio 
between moving air volume and present quantity of 
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Fic. 2—Successive solar water pump. 


absorbent which depends on climatic conditions at the 
site. It has to be regulated only once when starting. 
Then it runs without any service or maintenance. 


SUCCESSIVE SOLAR WATER PUMPING 


Solar water pumping by successive absorption and 
regeneration was assumed to take double the time of the 
simultaneous procedure. The period is to last 24 hours, 
and solar radiation for regeneration is to be utilized 
during the whole day. The receiver of solar radiation is 
situated north-south as shown in the technical scheme 
of Fig. 2. In the northern hemisphere the receiver will 
accept solar radiation arriving from the south, as the 
sketch demonstrates. In the southern hemisphere solar 
radiation arrives from the north, and the indications in 
the sketch of north and south have to be exchanged. 

The receiver of solar radiation is the main part of 
the arrangement, as it keeps the pump running. The 
solar water pump has to be situated in such a way that 
the solar radiation is received not quite perpendicu- 
lar, and movement of air is induced within the receiver. 
This is obtained by a somewhat oblique position of the 
receiver of solar radiation. Then all accessory parts can 
be situated for meeting technical or other requirements. 
One of these solutions has been sketched in Fig. 2. 

The receiver is to be painted with a color that ap- 
proaches absolute black; likewise, the side walls of the 
simultaneous solar water pump of Fig. 1 have to be 
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colored. The material used for the receiver is of the 
same small thickness and of the same good thermal 
conductivity as that chosen for the external walls of 
the simultaneously working solar water pump. 

Below the collector of solar radiation, louvers are to 
retain heat rays from the condensing surface. The air 
current caused by heat leaving the condenser is shown 
by arrows. They are to indicate the warmed air which 
rises from the condenser and then passes the receiver. 
To protect against loss of solar heat, this air is obviously 


better than air of the temperature of the surroundings. 
Still better is insulating the receiver at the underside, 
thus eliminating unwanted heat flux almost entirely. 
The absorbent is packed into a compartment. The 
compartment of Fig. 2 shows movable covers. Upon the 


situation of this compartment, upon its covers, and 
upon their service all the various designs of the suc- 
cessive Water pumps are based. 

The compartment of the design of Fig. 2 is divided in 
the middle by a separating wall enforcing a certain 
airway. For regeneration, the best collection of arriving 
heat is necessary, and, therefore, the compartment is 
painted in dull black at all surfaces facing south. Both 
the side walls and the north wall are situated in the 
shade, and during the daytime are always at a lower 
temperature than air coming from the receiver of solar 
radiation. To minimize heat loss for increase of regen- 
eration, the covers of the north wall and of the east and 
west side are insulated. 

During daytime the absorbent is kept in a parallel 
position which enables movement of air at low resistance 
against flux. During night-time all covers are opened. 
The regenerated absorbent is brought into such a posi- 
tion that air can lave around all sides and easily deliver 
humidity for new absorption. The night-time position 
of absorbent and covers is shown in Fig. 2 by dotted 
lines. 

The working method is just as simple as that of 
simultaneous solar water pumping; but there is a dif- 
ference. While simultaneous solar water pumps work 
without service, successive solar water pumps require 
opening of covers above the absorbent and the ab- 
sorbent has to be put into night-time position. During 
the night the temperature drops. The decrease of night 
temperature depends upon certain qualities of the en- 
vironment. In dry tropical zones the differences be- 
tween day and night are considerable. For instance, 


TABLE | 
at 18 hours 


Midwinter (Jan 53.8°F; 41% 
uary 

Spring (April) 

Midsummer 
July 

Autumn (Octo- 
ber 


75.4°F ; 27% 
100.6°F ; 206% 


74.8°F; 34% 


Colomb-Bechar, situated in the rain shade of the Atlas, 
about 500 miles south of Oran, has on the average the 
results shown in Table I. These figures are average 
values and the actual fluctuations are larger. Some- 
times during night-time even the state of haze is ap- 
proached in the driest zones. 

The percentage presents the relative humidity, and 
the data show those known dry desert climates which 
have an absolute humidity of 20 to 55 grains vapor per 
lb dry air. This specific weight is not much less than 
the absolute humidity contents of Central European 
air. The humidity suffices adequately for solar water 
pumping of successive action, as tests in these desert 
climates have proved. It saturates the absorbent during 
night-time up to the state of equilibrium corresponding 
to the present humidity. 

Before the sun rises the absorbent is put into dehy- 
drating position and the covers are closed. No other 
service is required. Then solar radiation heats the air 
within the receiver. It becomes warm and loses specifie 
gravity. It obviously starts rising out of the receiver 
in the direction of the drawn arrow and flows into the 
packets of absorbent. 

The absorbent is heated by the arriving warm air. It 
releases vapor upon being regenerated and humidifies 
the entering air. The humidified air leaves for the con- 
denser. This air is still considerably warmer than the 
air of the free atmosphere, and the vapor from the ab- 
sorbent travels with the moving air. When passing the 
condenser the air is cooled, and humidity falls out by 
condensation. A better expression is perhaps ‘‘water 
thaws” out of the moving air. 

When replacing part of the condensing surface by 
glass, one may see the formation of dew drops on the 
glass. The falling drops are collected. The same thing 
occurs in winter when the windows of a warm room 
become wet by condensation. Following all the pro- 
ceedings visually in detail has generally proved to be 
the best method in evolving solar refrigeration from the 
theoretical range of ideas. 

The water received is not gained in uniform quanti- 
ties, nor does it depend only upon the daily fluctuation 
of solar radiation. Another effect influences and delays 
the performance. The warmed air arrives at the first 
volume of absorbent and regenerates it. The rising 
water vapor enters the moving air current, but it is not 
yet carried to the condenser. It is re-absorbed by ab- 
sorbent between the place of beginning regeneration 
and the exit of air out of the absorber. Herewith the 
volume of absorbent is regenerated in the beginning, 
and the remaining volume of absorbent is additionally 
loaded with humidity. The delimiting surface between 
regenerated zone and loaded zone is thus gradually 
moved on, and the water quantity of the loaded zone 
becomes larger and larger. Then the state arrives that 
the quantity of absorbent not yet regenerated cannot 
receive any more humidity, and now the whole quan- 
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tity of humidity raised by regeneration remains within 
the moving air current. The humidity load of the 
moving air becomes heavy, and during the last time of 
regeneration a really damp mass leaves the absorbent 
in regeneration to be condensed. 

After being dehumidified to a degree depending on 
the atmospheric temperature around the condenser, 
the air is drawn out of the condenser and returned to 
the receiver. Here it is rewarmed and the cycle re- 
started. The procedure has been tested with a plant of 
practical size. The solar receiver was of a size of 22 sq ft. 
Larger permanent plants have not yet been run. The 
tests were run in Central Europe up to a latitude of 
about 52°, further in Southern Europe, and in the 
Sahara. 

Three test plants of this size were always erected at 
about 1.5 to 2 miles distance and conjointly run. The 
net results can therefore be considered to be safe. 
There have been obtained: 


Central Europe at 50 to 52° 
May-August. . 
March-April and September- 
October. . 


0.13 to 0.16 USA qt/sq ft/day 


0.07 to 0.10 qt/sq ft/day 
Even during this time drink- 
ing water is obtained here. 


November-February . .. 


Because of relatively small so- 
lar radiation at 51° to 52°N 
the gained water quantities 
are small. 
Sahara, about 150 to 200 miles off-coast 
June-July (max.) 0.16 to 0.20 USA qt/sq ft/day 
January (min.) 0.03 to 0.06 USA qt/sq ft/day 


These water quantities from the air and not from a 
well are surprisingly large. They prove, for instance, 
that the roof of a building in dry zones will suffice for 
obtaining from the air more drinking water than the 
inhabitants require. 


NOTE: Solar water pumping by absorption kryotherms is 
treated for the first time in public by this paper. For this 
reason, other literature cannot be enumerated. 
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Solar Air Conditioning and Solar Refrigeration 
By J. H. Dannies 


Bonn, Germany 


Improvement of climatic conditions affects 
productivity and efficiency. Running of conven- 
tional air conditioners to produce climatic en- 
vironment of greater productivity is a problem in 
arid and humid zones without adequate elec- 
tricity supply, and unconventional means have to 
be employed. Application of solar radiation for 
drying or humidifying air for conditioning with- 
out intermediary machinery is one of these solu- 
tions for increasing productivity and efficiency. 
Solar air conditioning without intermediary ma- 
chines is explained, and ways are described for 
practical execution of solar air conditioning. 

Solar refrigeration without intermediary ma- 
chinery is a continuation of solar air conditioning. 
Drops in temperature of 30°F and more are pos- 
sible by it. Lower temperatures require employ- 
ment of ventilators and heat exchangers. Their 
use provides temperatures of 33° to 35°F within a 
moving air current which is today’s limit in solar 
refrigeration. This cooling of an air current per- 
mits at least cold storage of any size with tem- 
peratures of 40° to 50°F. 

For lower temperatures, rational resorption is 
reviewed in regard to regeneration by collectors 
of solar heat. With the same solar heat quantity 
inserted for regeneration, rational resorption de- 
livers 2.50 to 3.25 times more refrigeration per- 
formance than conventional absorption refrigera- 


tion. 


INTRODUCTION 


The direction to the right of the new cyclic process 
for treating air for air conditioning has been described 
in the first paper in this series. The new right-way eycle 
utilizes the reversed direction described in my second 
paper. While for producing water, humid air on the 
way from regenerator to absorber is important, for air 
conditioning, moving of dried air is necessary. The re- 
versed cycle presents a reversed picture in performance; 
but action of absorption and solar regeneration remain 
as they have been in “solar water pumping.” 

All necessities in situating the absorbent for sue- 
cessive or simultaneous working remain, and the main 
axis of the air conditioner must again be placed in a 


north-south direction. This requirement is a restriction 
in disposition; but it is compensated for by running the 
air conditioner without need for artificially produced 
energy. For simultaneous action an inclination of 90° 
of the absorbent to the west-east axis is again neces- 
sary. Also successive procedure requires that again 
absorbent be almost flat to the surface of soil, and all 
the prescriptions of disposition of absorbent for solar 
water pumping are repeated. 

Then the same effect of solar radiation is presented, 
and the obtained performance per unit of radiated 
surface is again smaller with the simultaneous pro- 
cedure than it is with the successive method. In solar 
water pumping fully automatic service is given by 
simultaneous action. It is of more striking performance 
than the successive procedure because it cuts out any 
service, and, in a way, really squeezes water out of air 
with any humidity as if it were a sponge. 

A similar striking performance is given by air condi- 
tioning or refrigeration using simultaneous absorption 
and regeneration. These air-conditioning plants also 
work without any service, and they again follow ad lib- 
itum any prescription in absorption or regeneration. 
Also, the time of the period which may last from one 
second to the whole day may follow technical or other 
requirements. 

Successive absorption and regeneration is also of 
larger performance, as it again receives the larger 
quantity of solar radiation and again additional service 
is required for utilization of the induced drying ea- 
pacity of absorbent. The successive and the simulta- 
neous procedures will be discussed. 

Generally it should be noted, for all solar plants fol- 
lowing the new cyclic process, that: 

(1) Serviceless procedure is presented by all arrange- 
ments standing perpendicularly to the surface of soil, 
with their main axis in north-south direction. These 
plants may work just as well alone as cooperating with a 
second standing unit. 

(2) Always, service is required for running solar 
plants situated not perpendicularly to the surface of 
soil. The service is, in the end, always a mechanical 
movement of air or absorbent. 


SIMULTANEOUS AIR CONDITIONING 


Fig. 1 presents a sketch of the cross-section of a 
building air-conditioned by solar radiation. Neither the 
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solar radiation 
during morning hours 


Fic. 1—Solar air-conditioning. 


dimensions of the building nor of the absorbent are to 
scale. The cross-section has been drawn to explain 
working conditions distinctly. For actual air-condi- 
tioned rooms the relation between the dimensions of 
the absorbent and the dimensions of the building is 
very much smaller than the drawing shows. Further- 
more, in the sketch both the walls contain nothing but 
absorbent. Absorbent of this quantity is not always 
necessary. The quantity depends on atmospheric con- 
ditions on site. Drying of air in humid tropies requires 
more absorbent than drying of air in hot tropics, and 
the weight of absorbent corresponds to the humidity 
quantity to be retained. 

Both the external walls are of heat-permeable ma- 
terial. They may have good thermal contact to the 
absorbent, or they may only protect the absorbent 
against external atmospheric conditions without direct 
contact, as Fig. 1 shows. The arrangement depends 
entirely upon the thermodynamic and mechanical 
qualities of the employed absorbent. 

The external walls are to be painted with a dull color 
of emission capacity approaching absolute black. Since 
during absorption heat is to be transmitted to atmos- 
pheric air from air passing the inside of the external wall, 
this should also be painted in a dull color, especially if 
the absorbent is not in direct contact with this wall. 

Collected solar radiation appears in the air duct in 
the form of heat. This heat is to remain for regeneration, 
and the walls between the air ducts and air conditioned 
room are to be of adequate insulating capacity. Usually 
brick walls of customary thickness suffice. Thermal 
conductivity of concrete is two to three times as large 
as that of bricks. Furthermore, concrete walls are of 
higher strength than brick walls and always of smaller 
thickness. To retain the trapped solar energy for re- 
generation they have to be insulated. 

Both the air ducts which are shown in Fig. 1 of “Solar 
Water Pumping” have to be employed for solar air 
conditioning as well. Instead of the condenser of this 
sketch, the room to be air conditioned has now been 
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situated in the stream of air; but the direction of air 
movement is reversed, and the humidity contents of 
the air differ in comparison to the previous figure. 
There, absolute humidity contents decrease between 
entrance and exit of the condenser, while now they 
increase, 1.e., the reversed cycle is in action. . 

To obtain the correct dimensions of the air ducts, 
many tests have been run. The results of all these 
tests yield dimensions for the absorbent and the air 
duct which warrant very good performance at best 
efficiency. 

Different materials for the external wall and many 
kinds of absorbent have been checked in commercial 
plants running in temperate climates. Also, in dry and 
humid tropies as well as in subtropics, many materials 
have been tested. The tests have been run with small 
units of the individual detail to be checked, and the 
dimensions of the units were all of sufficient size to 
allow technical judgment. From net results, one may 
expect in the tropics at least the same performance as 
obtained in temperate climates. 

During forenoon, solar radiation falls on the external 
east wall. The heat enters the eastside air duct and 
warms the air contents and absorbent on this side. 
The absorbent is regenerated by warming and loses 
water vapor, which enters the air volume of the air 
duct. The warmed mixture of dry air and vapor is 
obviously of smaller specific gravity than the outside 
atmospheric air. The air within the air duct swims 
within the volume of atmospheric air, and having be- 
come lighter than the surroundings it starts rising. 
Ascension of air within the air duct leads it out of the 
uppermost opening. 

This air volume must be replaced. It is substituted 
by air entering from the room to be air conditioned 
through the opening in the east wall. The air-condi- 
tioned room has only one other opening, the opening 
in the low part of the west wall, and air can leave the 
air-conditioned room for the easterly air duct if it is 
replaced by air entering after having passed the ab- 
sorbent in the westerly air duct. 

The westerly quantity of absorbent has been regen- 
erated the afternoon before. Therefore, it dries passing 
air, and the air volume entering the room to be air 
conditioned has attained that state of dryness which 
compressor air conditioners produce by cooling along 
the saturation curve. 

The entering air reduces the relative humidity of the 
air-conditioned room. This relative humidity can be 
regulated by very simple means. The effect of the 
described air conditioning depends mainly upon the 
relation between weight of absorbent and weight of 
moving air. Throttling of the moved air volume suffices 
for regulation, as more relative humidity is extracted 
out of the moving air and vice versa. In humid tropics, 
for instance, the relative humidity can easily be regu- 
lated within a range of 20 per cent up to 75 per cent by 
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these means, and the drying capacity of the plant de- 
pends upon trapped solar radiation for regeneration. 

Regeneration is very similar to that described for 
solar water pumping. Heating by solar radiation starts 
regeneration at the lowest layer of absorbent. The vapor 
rising out of it is partly re-absorbed by higher situated 
absorbent, and a surface of delimitation between re- 
generated and unregenerated absorbent ascends. Dif- 
ference in water contents of the absorbent is the more 
distinctly marked the higher the surface of delimitation 
has risen. In the end again, a really hazy air leaves the 
regenerator from about 10:30 until 11:30 in the fore- 
noon and from 3:30 until 4:30 in the afternoon. 

When the moving air has to extract only a small 
weight of humidity out of the air-conditioned room, it 
is less loaded when entering the regenerating section 
and the obtained effect in regeneration is then greater. 
The drying capacity is preserved for cases of fluctuation 
in load. In correctly designed solar air conditioners, 
preservation occurs frequently. 

Such reserves are more than adequate for rainy days 
with only a few sunny hours. Tests have shown that a 
period of 7 to 10 days without sunshine at all can pass 
before the drying capacity of regenerated absorbent has 
disappeared totally. As periods of permanent overcast 
sky of this duration do not usually exist, air condition- 
ing is maintained during rainy seasons. This elasticity 
has been proved in Central Europe, even at 52°N, by 
solar air conditioners during cloudy and foggy Novem- 
ber—-December. During this time solar air conditioning 
maintains here a humidity of 35 to 45 per cent, and the 
performance of solar air conditioning remains sufficient 
for adequately drying wooden planks for manufac- 
turing. 

Water possesses one of the largest heats of evapora- 
tion, and customary air conditioners that work with 
compressor refrigerators always require large refrigera- 
tion performance in relation to accomplished air condi- 
tioning—if designed correctly. Large performance of 
compressor refrigerators requires large power consump- 
tion, and the height of electricity bills of compressor 
air conditioners is well known. 

Even this power is usually smaller than technically 
necessary because, for reasons of sale, with all com- 
pressor air conditioners reduction in initial price and 
running costs is accomplished by reducing the size of 
the required refrigerator. Then cooled but not suffi- 
ciently dried air has to remove combustion heat of the 
human body, and unavoidably ‘‘draughty air’’ results, 
well-known in compressor air-conditioned cinemas, ete. 

Sensitivity of the human body is not increased when 
the temperature rises. In subtropics and in tropics of 
more than 70° to 75°F, the human body does not re- 
quire any other conditions to relieve combustion heat 
than in temperate climates; but it is more exposed to 
climatic fluctuations because of thin and light clothing. 
It then acts sensitively to small alterations in tempera- 


ture, and temperature shocks with all their conse- 
quences for health cannot be avoided when a room of 
lower temperature than the usual surroundings is 
entered, as, for instance, a compressor air-conditioned 
banking office. 

Of entirely different action is the described method. 
In the air-conditioned room permanent conservation 
of at least atmospheric temperature is warranted. The 
source of ‘flue by air conditioning” is cut out because 
not the temperature but the relative humidity is 
shifted to obtain air-conditioning effect. 

To get rid of combustion heat, the human body 
produces more perspiration the higher the surrounding 
temperature. If the relative humidity of air is high, 
even at “warm” temperatures, liquid perspiration re- 
mains upon the skin, because humid air cannot sufh- 
ciently absorb the additional water. If the relative 
humidity is small, perspiration does not appear upon 
the skin. It is immediately evaporated from the pores 
and taken up by dry air. Evaporation or sublimation 
is not possible without latent heat, and this heat must 
be delivered from somewhere. 

It is delivered by the human body, and evaporating 
perspiration cools the human body in surroundings of 
warm temperature but low relative humidity. In humid 
tropics of 85°F a relative humidity of about 20 to 50 
per cent corresponds roughly to our customary cli- 
mates of about 65° to 70°F. Practical solar air condi- 
tioning, therefore, will regulate the relative humidity 
in tropics to 50 per cent and more and not to 20 per 
cent or less. These figures are fundamental, and they 


are touched only secondarily by temperatures of sur- 
rounding walls, velocity of air, ete. 

The matter of the surroundings we live in is full of 
absorptive substances. Furniture, clothes made of hair 
or cotton, ete., are absorbents. Even bricks and con- 
crete walls are of certain absorptive capacity. There- 
fore, air conditioning during daytime provides accu- 
mulation of drying capacity in every room, and air 
conditioning during night-time is always adequately 
accomplished. 

Demonstration of this solar air conditioning by ac- 
cumulation is presented by storing flour, salt, or sugar 
in humid tropics. Test storing of these materials in 


Liberia has shown that in solar air-conditioned rooms, 


flour can be safely stored unpacked and does not get 
mouldy. Unpacked salt and sugar do not start dis- 
solving and do not swim away in solar stores; they 
remain crisp. Automatic air conditioning by solar 
radiation does not require any service. It runs auto- 
matically and is of the more intensive action the more 
intensive the solar radiation. It brings the relief in 
human life longed for in all humid tropics and sub- 
tropics for infirmaries, stores, offices, living rooms, 
sleeping rooms, ete., at the same time avoiding com- 
plicated machinery. 
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SUCCESSIVE AIR CONDITIONING 


The same influencing of climates is possible by using 
successive solar air conditioning. Just as in the case of 
solar water pumping, the absorbent has to be situated 
almost flat to the surface of soil. This position takes 
care of utilizing the incident solar radiation during the 
whole day, and it catches more solar heat than the 
arrangement of simultaneous procedure. More weight 
of absorbent can be regenerated or regeneration is of 
more intensive effect than the simultaneous position 
delivers. 

The period of absorption can be shortened by moving 
the absorbent, and mechanical drive for movement of 
absorbent becomes necessary. Without movement of 
absorbent the period of the procedure may last 24 
hours; that means 12 hours regeneration and another 
12 hours absorption; then movement of air during the 
night is required. All solutions of the problem of sue- 
cessive air conditioning necessitate the use of energy 
for the movement of one element. Energy consumption 
of this drive is always small. However, it is the first step 
in employing intermediary machinery for solar ab- 
sorption. 

The utilization of a ventilator for movement of air, 
for instance, does not affect the simplicity of the pro- 
cedure. For sleeping rooms in humid tropics a fan is a 
customary appliance. Its power consumption will suf- 
fice to air-condition the sleeping room all night. The 
absorbent has been regenerated during the daytime, 
and movement of air along absorbent then has been 
induced as described for simultaneous air conditioning. 
During night-time the fan starts working, leads the air 
along regenerated absorbent, and dry air is introduced 
into the sleeping room all night. This drying is rather 
intensive. It permits the recreative sleep which is 
needed in humid tropics. 

The recreative effect may be increased still further 
by additional refrigeration as described in the following 
section. Then sleep in humid tropics will begin at the 
temperature of the surrounding air but at a reduced and 
comfortable humidity. By morning, the temperature 
has slowly cooled down to Central Europe climates, and 
refreshment by effectual air conditioning is assured 
with the additional ventilator. 


SOLAR REFRIGERATION WITHOUT 
INTERMEDIARY MACHINERY 


Solar air conditioning can be easily compared to 
solar refrigeration. Refrigeration is obtained by evap- 
oration of water within the current of dried air, and 
refrigeration machinery consists of this one evaporator. 
No other implements are needed and no compressor or 
metallic regenerator, electric or other drive, condenser, 
pipes, etc., are necessary. 

In Fig. 2 the west corner of the room of Fig. 1 has 
been redrawn. Solar radiation during morning hours 
falls on the east wall. A tray with water is placed below 
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Fic. 2—Solar refrigeration without intermediary machinery. 


the absorbent. Water is a refrigerant like any other, 
and this water quantity is the refrigerant of solar re- 
frigeration. The dried air leaving the absorbent passes 
over the water surface. Rise in temperature of air, con- 
nected to drying by absorption, has been almost en- 
tirely reduced by heat loss through the heat-permeable 
wall covering the air ducts at the outside, and the 
temperature of the air current in front of the tray of 
the westerly air duct is almost the same as the one of 
open atmosphere. 

Then dried air passes the water surface of the tray, 
and its effect on the vapor is the same as a sponge on 
liquid water. The vapor pressure of the dried air being 
low and the pressure of saturated vapor above the 
water surface being high, the water surface vapor is 
drawn rapidly into the moving current of air. 

Vapor can come into existence only if heat of vapori- 
zation is delivered. No other heat source but the en- 
thalpy of the circulating air is present, and the required 
heat quantity has to be delivered by it. Air can supply 
heat only by loss in temperature, and the air tempera- 
ture drops between points A and B of Fig. 2 the more 
it has been dried. During this time the temperature of 
the water in the tray is considerably lower than the 
lowest ambient air temperature. As vapor must be 
delivered by the quantity of water, its temperature 
drops to the level sufficient to accept the quantity of 
heat from the air which is needed to evaporate the 
extracted vapor quantity. 

The cooled air enters the room to be refrigerated in 
the direction of the drawn arrow. It leaves the room 
entering the easterly air duct which now has a sucking 
action, and it passes the easterly absorbent, now in 
regenerating state. 

Regeneration is the more intensive the drier the air 
entering the regenerator, and the air quantity leaving 
the cooled room is always of less relative humidity than 
100 per cent because it is warmed in passing the room, 
and no vapor source is present. It would, therefore, 
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accept vapor out of the evaporator on the east side 
when passing it. To avoid this obvious decrease in re- 
generation, a separate exit for air is arranged in both 
side walls. Entrance into and exit out of the refriger- 
ated room is directed by louvers with movable flaps, 
which open to air pressure in a certain direction, and 
automatic opening is given for the correct air move- 
ment. All further details are given by Fig. 2. 

Figures of the obtained refrigeration will be of in- 
terest. The procedure can be easily followed in a psy- 
chometric diagram. For instance: 

1) Tests run in Liberia, West Africa, prove that at 
an average atmospheric air temperature of about 85°F 
between 9 a.m. and 7 p.m. temperature of the moving 
air current will not exceed about 90°F at point A. If 
at point A the relative humidity of the moving air has 
been reduced to 15, 25, and 35 per cent, point / obtains 
a temperature, respectively, of 62° to 66°F, 67° to 
71°F, 72° to 76°F, or the air is cooled without inter- 
mediary machinery, respectively, from 19° to 23°F, 14° 
to 18°F, and 9° to 13°F. 

(2) Tests in Cyrenaica, North Africa, Sahara, 150 to 
200 miles off-coast, prove that at an air temperature at 
point A of about 85°F, 95°F, and 105°F, and a relative 
humidity of about 22.5, 17.5, and 12.5 per cent, the air 
temperature is reduced at point B toabout, respectively, 
64° to 68°F, 69° to 73°F, and 74° to 78°F, or the air is 
cooled without intermediary machinery respectively 
from 12 to 21°F, 22 to 26°F, and 27 to 31°F. 

This cooling of air to a temperature difference of 10 
to 30°F is remarkable. The relative humidity of the 
cooled rooms rises to approximately 65 to 75 per cent 
and even during midday hours the attained climates 
correspond to dry summer in Central Europe. The 
data show also that the performance of solar refrigera- 
tion becomes better the higher the atmospheric tem- 
perature, or refrigeration becomes more intensive the 
more intensive the solar radiation. The drop in tem- 
perature is really remarkable, as it is obtained with- 
out any mechanically or electrically driven machinery. 


SOLAR REFRIGERATION WITH 
MACHINERY 

Described refrigeration without intermediary ma- 
chinery is the first step in utilizing the new cyclic pro- 
cedure for lowering temperatures of the surroundings. 
For machineless refrigeration, the obtained drop in 
temperature is satisfactory, but it does not yet suffice 
to refrigerate a cold storage room. 

For solving this refrigeration task by directly radiated 
solar energy, procedures without machinery no longer 
suffice. However, neither compressor, boiler, nor con- 
denser, etc., as required for every standard refrigeration 
plant, are necessary. The machinery to be employed is 
of simpler character. The developed methods are all of 
one direction: differences in air temperature between 
saturated and unsaturated air provide the possibility 


of heat exchange for lowering the air temperature. 
Within the area between saturated humid air and 
absolutely dry air a multitude of differences in tem- 
perature are possible for heat exchange, and drop of 
temperature is obtained by the right arrangement of 
heat exchange. No other additional machinery but 
ventilators and heat exchangers is required. 

Practical development was first handicapped because 
heat exchange between two air currents presents un- 
favorable conditions to techniques. The coefficients of 
heat transfer of air are very small, and these heat ex- 
changers are, therefore, always large and expensive. 
Moreover, it is a particular attribute of refrigeration 
technique to move heat quantities by small differences 
in temperature, thus additionally enlarging the surface 
of heat exchange. 

However, a certain kind of heat exchanger has been 
perfected to meet the conditions of solar refrigeration. 
The method in exchanging heat is of special and still 
unexhausted consequences. For ordinary air it presents 
an exchange of heat of about 150 to 250 Btu per hour 
per °F per cu ft occupied by the heat exchanger. The 
heat exchange rate does not reflect an unreal estimation; 
it is related to the cleanliness of both the moving air 
currents. The data are much betterthan those presented 
by heat exchange between moving air and evaporating 
or condensing refrigerant—physically very much better 
presuppositions. The good heat transmission is obtained 
with air current of no higher velocity than 3 to 5 ft per 
sec. The increase in performance is not limited to heat 
exchange in solar refrigerators. Other techniques will 
also use the new method in heat exchange, and manu- 
facture at moderate price is to be expected. 

With these heat exchangers and with ventilators for 
moving air, solar refrigeration has been developed to 
produce temperatures of 33° to 35°F. Attaining lower 
temperatures is to be expected. 

Limitations in size of solar coldstores, refrigerated 
directly by the described reversible cycle, do not exist. 
A commercial refrigeration plant of 500 cu ft may just 
as well be built as a big coldstore of 100,000 cu ft 
content. The only limit is the amount of adequate 
solar radiation. These solar coldstores can be run with 
temperatures of at least 40° to 50°F, and they can be 
used in practice like any other coldstore. 

The described refrigeration plants for coldstores are 
no stopgap. They are at least of the same performance 
as conventional compressor or absorption refrigeration. 
Because of lack of adequate solar radiation, coldstores 
of this type cannot be run in temperate climates. 


REFRIGERATION AT TEMPERATURES 
LOWER THAN 40° TO 50°F 
Often it will be necessary to produce temperatures 
lower than 40° to 50°F. Lower temperatures can also 
be obtained by solar radiation, and customary absorp- 
tion refrigerators are usually employed for transforming 
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solar heat into refrigeration. Absorption refrigerators of 
really good design present a thermal efficiency 
produced refrigeration 
inserted regeneration heat 


of 70 to 75 per cent. A good boiler makes use of about 
85 per cent of the absorbed heat. Then the practical 
thermal efficiency of this plant amounts to 60 to 65 
per cent, or about % of the absorbed heat reappears in 
the form of refrigeration performance. If inert gas has 
to be used, as is often unavoidable, the efficiency of the 
gas current has tobe taken into account. It will in no case 
be better than 70 to 75 per cent, as the cleaned inert gas 
is of less weight than inert gas loaded with refrigerant 
vapor, and the same influence is present in temperature 
exchange of inert gas as between dilute and concen- 
trated solutions. Therefore, the practical efficiency of 
the standard type absorption refrigerator of small total 
pressure with inert gas is about 42.5 to 47.5 per cent. 

A well designed resorption refrigerator of practically 
adequate temperature exchange is already better. It 
presents the known thermal efficiency of 100 to 110 
per cent and even somewhat more for conventional 
refrigeration tasks. This efficiency is considerably raised 
by rational resorption refrigeration. Depending upon 
the qualities of the employed mixture, rational re- 
frigeration can attain much higher efficiency than 100 
to 110 per cent. 

The rise depends on the possible number of com- 
pound stages. If temperatures and pressure are with- 
stood by the refrigerant and solvent without disinte- 
gration, m compound steps may be used, and with n 
compound steps regeneration heat is reduced to 100/ 
(1 + n) per cent. 


The chemical stability of the ammonia-water mixture 
permits only n = 1 compound step for rational re- 
frigeration. By it, the required regeneration heat is 
reduced to 50 per cent of the usual one, and the theo- 
retical efficiency is raised to the value 200 to 220 per 
cent. The efficiency of the boiler and the inert gas 
remain, and rational resorption with the ammonia- 
water mixture supplies practical thermal efficiencies, 
again with 85 per cent efficiency of the boiler, of 170 
to 185 per cent without use of inert gas and 120 to 
140 per cent with use of inert gas. These figures surpass 
100 per cent and indicate that more refrigeration is 
gained than regeneration heat is absorbed. 

In comparison to conventional absorption refrigera- 
tion of the above calculated efficiency, the practical 
result is that rational refrigeration delivers 2.60 to 
3.10 times more performance without the use of inert 
gas and 2.50 to 3.25 times more performance with the 
use of inert gas. 

These figures show that all the reported pilot ab- 
sorption refrigeration units with solar heating for tem- 
peratures lower than 40° to 50°F are not yet on the 
right track. They can obtain the same refrigeration per- 
formance with 30 to 40 per cent of absorbed solar 
radiation. It is rational refrigeration that indicates the 
way for solar refrigeration, wherever direct transforma- 
tion of solar radiation into cold is not yet possible. 
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Shape and Surface Factors Affecting Radiant 
knergy Steady States’ 


By L. H. Shaffer and E. Speyer 


An analysis is made of the steady state tem- 
peratures reached by bodies exposed to sunlight. 
The effects of corrugations or concavities are dis- 
cussed for different over-all configurations; also 
the effects of blackness, grayness, and color. 
Numerical results are given for several significant 
cases, applicable to space vehicles and to solar 


collectors. 


INTRODUCTION 


A body, such as a space vehicle or solar energy col- 


lector on a rooftop, which is absorbing solar energy at 
a constant rate will assume a temperature such that 
the rate of energy dissipated by the body equals the 
rate of energy being absorbed. There is little agreement 
as to the effect of the shape of the body on its steady 
state temperature. Some assert that the cross-section 
as seen from the sun determines the amount of solar 
energy which can be absorbed, but that emission, i.e., 
the reradiation of infrared energy from the heated 
surface, increases with the surface area, so that corruga- 
tions /ower the equilibrium temperature. Others argue 
that corrugations ¢ncrease absorptivity because some of 
the reflected (or scattered) radiation is absorbed when 
it strikes the surface at a second point, but that emission 
is decreased because some of the radiation emitted is 
reabsorbed when it strikes another part of the radiating 
surface; on this line of reasoning, the steady state 
temperature of the corrugated surface is higher than 
for a smooth surface. There is a third opinion which 
invokes Kirchoff’s Law and the mathematical device 
of an infinitely large collecting sphere surrounding the 
emitting body to argue that if the projected area of the 
body is kept constant, corrugations will make no dif- 
ference in the steady state temperature. This paper 
seeks to resolve the argument. 

We will consider the absorption and emission of 
generalized shapes that are either black, gray, or selec- 
tive in their radiation properties. Although quite gen- 
eral results can be set down, it is not pr yssible to compute 
steady state temperature without a detailed knowledge 
of the over-all shape of the body and a specification of 
the nature of the surface irregularities. We will illustrate 
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the general principles by discussing the steady state 
temperatures of certain special configurations. The 
shapes we will be most interested in are a sphere and a 
dise, and a flat or corrugated sheet that radiates from 
one side only. These shapes are more or less directly 
applicable to two problems that are currently of great 
interest; namely, the control of temperature in space 
vehicles and the efficient collection of useful amounts 
of solar energy for terrestrial use. 


GENERAL CONSIDERATIONS 


Certain restrictions will apply to all the cases dis- 
cussed here. 

(1) We restrict the discussion to radiant energy, 
assuming zero conduction and convection outside the 
body and infinite conduction inside. This means that 
all points of the body will be at the same temperature. 

(2) We stipulate that the corrugations are to be 
small relative to the size of the body under considera- 
tion but large compared to the wave-length of the 
radiation absorbed or emitted. 

(3) We consider radiation from the sun as consisting 
of rays that are parallel to each other. In other words, 
we ignore the half-degree angle subtended by the 
sun’s dise. 

(4) We will consider only bodies that are opaque to 
the radiation absorbed or emitted. 

The basic equation for energy balance (steady state) 
is simply that input equals output via the Stefan- 
Boltzmann Law: 


la, Ag = Aero(T;' — T,') [1] 


where: 
I = incident power per unit area (the solar constant), 
a, = total absorptivity’ for the solar spectrum, 
= total emissivity’ at temperature 7',, 
¢ = Stefan-Boltzmann constant, 
T; = final steady state temperature, 
7, = ambient temperature, 
A, = effective absorbing area, 
A, = effective emitting area. 


* This paper is based on a talk delivered before the Solar 
Energy Symposium at the Annual Meeting of the ASME, 
December 1-5, 1958. 
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It is convenient to think of the steady state tem- 
perature as determined by the product of three ratios: 


[2] 


The first ratio is a constant, 2.46 x 10° °K* measured 
above the earth’s atmosphere; half this figure is a 
reasonable average value for collectors at sea level. 
The second ratio indicates the selectivity of the surface, 
and the third ratio indicates the relative sizes of the 
effective receiving and emitting areas. 


BLACK BODIES 


The energy absorbed by a black body in a parallel 
beam can be readily determined by calculating the 
projection of the body on a plane normal to the diree- 
tion of the beam. This follows from the observation 
that both, (a) the effective area presented to the inci- 
dent beam, and (b) the projection of the body onto a 
plane perpendicular to the beam, depend in the same 
way on the cosine of the angle between the normal to 
the surface at each point and the direction of the 
incident beam. Stated mathematically: 


Q 


= cos 6dQ = dA, =|v| A, 
@ @ 


where: 
V = unit normal to surface element dQ of the body 
with area Q, 
radiant flux (Poynting vector) incident on Q, 
angle between NV and the direction of the inci- 
dent beam, 

A, the projection of Q on a plane normal to the 

incident beam. 

Calculation of the total energy emitted by a black 
body brings up certain complications. If the body is 
everywhere convex,* then the emission will be propor- 
tional to the total surface area. However, if the surface 
is dimpled or corrugated, the net emission must be 
based on the area of the smallest convex envelope that 
‘an enclose the body. 

Consider the application of these principles to a 
sphere and a thin dise located in free space at the 
earth’s distance from the sun. The sphere has a re- 
ceiving area of rR? and an emitting area of 4rF?; while 
the disc, if it is perpendicular to the radius vector from 
the sun, has the same receiving area but only half the 
emitting area. The ratio A,/ A, is } for the sphere and 
1 for the disc; therefore, from Equation [2], the disc 
will come to a higher temperature than the sphere. 
On the other hand, if the dise is spinning about an 
axis perpendicular to a radius from the sun, its receiving 
area is reduced by the factor: 


* Convex as used here must be understood to include bodies 
that may have planar surface elements. 


On the average, the spinning dise will be warmer 
than the sphere and cooler than the dise of constant 
orientation. Numerical results for the absolute tem- 
perature for these cases are given in Table I. 


TABLE | 
STEADY STaTE TEMPERATURES FOR GEOMETRICAL 
SHAPES ABOVE THE EARTH’s ATMOSPHERE 


\Aa/A (°K) 


Shape Color Description 


black smooth or corru- } 280 
gated 
black or gray) smooth | | 280 
a, = 0.9 and | smooth } 485 
= 0.1 
black or gray) normal to sunlight 333 
black or gray rotating, axis L to | 1/r | 297 
sunlight 
black or gray plane facing away 301 
from sun 
black or gray plane facing toward 301 
sun 
black or gray plane parallel to 
sunlight 


Sphere 


Sphere 
Sphere 


Thin dise 
Thin dise 


Hemisphere 


Hemisphere 
Hemisphere 


Suppose, on the other hand, that we are interested 
in a receiver that consists of a corrugated black sheet 
normal to the sun’s direction. The effective area for 
absorption is simply the product of the length and 
width of the sheet. In case the corrugated sheet is being 
used as a solar energy collector, the back would prob- 
ably be well insulated and would not radiate energy; 
and therefore, applying the principles given above (or 
using the method described by Hottel*), the net emis- 
sion would also be simply proportional to the length 
and width of the sheet. This may seem strange, since 
parts of the surface absorb energy emitted by other 
parts, but there can be no net re-absorption. This can 
be shown either by a thermodynamic argument or by 
detailed calculations of the emission and absorption of 
energy at each point on the surface. The result, which 
here applies to the projection of the corrugated surface 
on the smallest convex enclosure, can be summarized 
by the statement that a surface cannot be blacker than 
black. 


GRAY BODIES 


For a gray body, by definition, a, and er are con- 
stants such that 0 < a, = er < 1. When a body is 
black, all the incident radiation is absorbed, but for a 
gray body some of the radiation is reflected or scat- 
tered. If the surface is everywhere convex or plane, 
none of the reflected or scattered radiation will be 
absorbed at any other point on the body. Thus A, is 
the same for a convex gray body as for a black body, 
and therefore is equal to the area projected on a plane 
perpendicular to the incident beam. Similarly, A, is 
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again the surface area of the convex body. Therefore, 
the steady state temperatures of the disc and sphere 
previously considered will not be altered if the surfaces 
are changed from black to gray. In fact, any body that 
is everywhere convex or plane reaches the same steady 
state temperature whether it is black, gray, or covered 
with a pattern which consists of different shades of 
black and gray. (The much publicized technique of 
controlling the surface temperature of cylindrical or 
conical space vehicles by painting them with alternate 
light and dark stripes depends on the fact that the 
paints are selective rather than gray.) 

We turn next to consideration of gray bodies that 
have concave surface elements. Some of the incident 
radiation will be absorbed directly, some will be re- 
flected and escape, and some will be reflected but 
absorbed elsewhere on the gray body. There may be 
several reflections to be taken into account, depending 
on the brightness and shape of the body. It is con- 
venient to deal with the increase in absorptivity due 
to multiple reflections by defining an effective ab- 
sorptivity based on the total amount of light captured 
from a unit cross-section of incident beam. As long as 
a, = 1, corrugations do not improve the ability of the 
surface to extract energy from an incident beam. 
However, for smaller values of absorptivity, the ef- 
fective absorptivity increases as the depth of corruga- 
tion relative to incident cross-section Increases. 

In order to determine the steady state temperature 
of the corrugated gray body, we must also calculate 
the effective emissivity, which can be defined as the 
emissivity of the virtual surface, A., which forms the 
minimum convex envelope. Like the effective absorp- 
tivity, the effective emissivity also increases with the 
depth of corrugation relative to incident cross-section, 
but the caleulation is quite different because the ab- 
sorption is calculated for an incident beam having a 
single direction, while the emitted radiation, both that 
which escapes directly and that which strikes another 
part of the surface, goes in all directions, usually 
obeying Lambert’s Law at least approximately. In 
other words, the reciprocity theorem of geometrical 
optics is not applicable. 

If one chooses simple shapes for the corrugations, it 
can be shown that for many cases of practical interest 
the effective absorptivity increases more rapidly with 
depth of corrugation than does the effective emis- 
sivity.* This is particularly true if the absorptivity is 
low to begin with, i.e., the body is light gray. 

As can be seen from Equation {2|, the ratio of ab- 
sorptivity to emissivity is a determining factor in the 
efficiency of a solar energy collector. Thus, a slight 
gain in efficiency can sometimes be obtained by cor- 
rugating the collector. However, in all cases we have 


investigated, the maximum increases were of the order 


* To be published 


of 40 per cent, and then only for fairly deep corruga- 
tions and absorptivities less than 0.5. Thus, in prac- 
tical cases the poor absorptivity and larger amount of 
collector surface more than offset any improvement 
that could be obtained by corrugating the surface. 
SELECTIVE ABSORBING SURFACES 

very physical surface is somewhat selective. The 
assumption that a body is black or gray implies not 
only absorptivity independent of wavelength over a 
wide spectral range, but also over a wide temperature 
range. An ideal black or gray body absorbing solar 
energy would have to have a uniform absorptivity 
over the entire solar spectrum (near sea level, 98 per 
cent lies between O.3u and 2.54) and over the re- 
emitted spectrum (approximately from 2u to 20u). It 
would also have to maintain a uniform absorptivity 
over the temperature range from about 400°K to the 
color temperature of the sun (approximately 6,000°K). 
In practice, materials will vaporize before reaching 
such a temperature. 

Tabor*® has pointed out the significance of selective 
absorption for solar collectors and has produced sur- 
faces? with a, = 0.9 and er = 0.08 to 0.14. The steady 
state temperatures of bodies bounded by selective 
surfaces depend on the ratio of ae. As can be seen 
from Equation [2], the final temperatures of such 
bodies will be higher than the final temperatures 
reached by gray or black bodies of equivalent size and 
shape. For a corrugated selective surface, the ratio 
aes. € Will be less than a,/er. This follows from the 
fact that the reciprocity theorem is not applicable. 

To increase the efficiency of solar energy collection, 
we want the effective emissivity to be as small as pos- 
sible, as can be seen from Equation [2].2 However, 
when we corrugate a surface, both the effective ab- 
sorptivity and the effective emissivity increase. A 
favorable selective surface starts out with a high 
absorptivity, so the effective absorptivity cannot be 
made much greater by introducing corrugations. How- 
ever, the initially low emissivity of the selective surface 
is greatly increased when the surface is corrugated. 
Thus, for surfaces with selective properties anywhere 
near as favorable as those produced by Tabor, cor- 
rugating the collecting surface will decrease the ef- 


ficiency. 
CONCLUSION 


The steady state temperature of a body irradiated 
by the sun depends on three kinds of factors: 

(a) whether it is convex or folded, 

(b) whether the surface is smooth or rough, e.g. 
corrugated, dimpled, etc., 

(c) whether it is black, gray, or selective (colored). 

If the body is black, only its over-all shape, but not 
the smoothness of the surface, affects the steady state 
temperature. 
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If the body is gray and everywhere convex or plane, 
it reaches the same steady state temperature as if it 
were black. 

If the body is gray and not everywhere convex or 
plane, both the brightness and degree of concavity 
affect the steady state temperature. For gray surfaces 
of moderate absorptivity and emissivity, a slight in- 
crease in steady state temperature can be obtained by 
corrugating the surface; however, as this is significant 
only for surfaces that have an inherently low absorp- 
tivity, the usefulness of such surfaces as heat or power 
sources will be low. 

If a body is selective, both its shape and smoothness 
affect the steady state temperature. Corrugations or 
dimples tend to nullify the advantages inherent in 
the use of a surface whose emissivity is much lower 
than its absorptivity. 

Since surfaces designed for the absorption of solar 
energy will be as black as possible—or better still, 
selective—the most efficient solar collecting surface is 
that surface that has the minimum area. Economics 
strikes still another blow at corrugated collectors. 


Since the energy density of the sunlight at the earth’s 


surface is quite low (approximately 1 kw per sq m), 


very large, areas are required to collect significant 
amounts of energy. Even if the collector material is 
cheap, large and therefore expensive surfaces are 
needed for solar collection. 

Of the three lines of reasoning indicated in the 
opening paragraph, the first is a first order approxima- 
tion; the second becomes significant only for surfaces 
with deep corrugations and low absorptivities; the 
third has some validity for black bodies but fails to 
recognize that corrugations—although increasing the 
surface—are effective in terms of the effective absorp- 
tivity and effective emissivity rather than the projected 
area. 
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Solar Energy Converters: The Relationship Between 
Efficiencies and Other Parameters 


By M. v. Ments 


Research Council of Israel, Jerusalem, Israel 


A closed and convenient mathematical frame- 
work is presented containing the main descriptive 
parameters for solar energy converters. Principles 
for turbines driven by sun-generated steam are 
also formulated. The effect of every parameter and 
of changes in one or more of them on optimum 
efficiencies or operating temperatures can be 
found from the relations presented. It is not 
claimed that the physical optimum conditions 
are also the best ones economically. Although un- 
likely, it is quite possible that conditions on both 
sides of the physical optimum are better from a 
practical or economic point of view than those at 
the physical optimum itself. 


INTRODUCTION 

The idea of generating power by driving some sort 
of heat engine with steam produced in a solar collector 
is almost as old as the machines themselves. However, 
although it is possible to build such devices, no practical 
installations have been realized which were also promis- 
ing from an economical point of view. 

The difficulties are a result of the following condi- 
tions: 

(a) The peak power of solar radiation at midday 
is only about 300 Btu per sq ft per hr at favorable 
localities. 

(b) The power averaged over a whole day is consider- 
ably less than this, even if cloud and rain disturbances 
are ignored. 

(ec) It is impossible to collect all of the solar radia- 
tion, particularly at those elevated collector tempera- 
tures needed to generate high pressure steam. According 
to the second law of thermodynamics, as well as because 
of practical considerations, as high a steam temperature 
as possible is required. 

(d) Where it has proved possible to avoid some of 
these difficulties by scientific and engineering “tricks,” 
it has nevertheless always seemed that the investment 
costs of the required device did not warrant develop- 
ment on a really serious scale. 

(e) Problems connected with storage facilities to cover 
the nighttime and periods without sunshine have not 
yet been solved. 


Every comprehensive computation for a particular 
solar energy device necessitates the use of an enor- 
mously large number of parameters and variables.” ” 
** Tt is almost impossible to deal with all the scientific, 
engineering, and cost aspects in a general summary. As 
a result, every endeavour to calculate the merits of a 
certain attractive case is per se an isolated treatment 
that cannot be derived from a generalized theory, and 
the opposite is also true—such an isolated treatment 
performed on a special case cannot be applied to a large 
group of cases. 

The difficulties in generalizing start with the quanti- 
tative variation of the sunshine available. The amount 
of sunshine varies with the geographical site, with the 
time of day, and with the time of year. In some cases, 
sufficient mathematical expedients eventually result in 
very complicated and cumbersome expressions. But the 
unpredictable influences of rain, clouds, wind, dirt on 
the collectors, ete., make the validity of such expres- 
sions very doubtful.’ 

A second reason for the difficulty in generalizing is 
the complicated relation describing the heat balance of 
the collector. In its most simplified form, this relation 
looks like this: 

Sqa(t) = arSq,(t) — sA(T — 
— sB(T — — sC(T* — T,') 


The left-hand term represents that part of the energy 
absorbed by the collector that is passed through to the 
liquid to be heated. The right-hand terms represent, 
respectively, the solar radiation absorbed by the col- 
lector surface and losses due to conduction, convection 
and radiation. The constants A, B, and C depend on 
the geometric conditions of the device, on the several 
material constants of the components, and on the condi- 
tion of the surroundings. 7 is the temperature of the 
collector, and T, is the temperature of the surrounding 
air or the “next” item, for example, a glass cover sheet. 

Information on the use of such equations and the 
determination of the constants involved can be found in 
the literature of solar energy. 

It is the aim of this study to show that when one 
sets aside cost considerations it is possible to express 
the efficiency of a solar energy collector as a function 
only of a “‘figure of merit” of the device and the working 
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Fig. 1—Sun radiation as a function of the time of day. 
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Fig. 2—Fractional losses at midday of some solar collectors 
versus steam temperature. 


temperature of the extracted steam. By multiplying 
this efficiency, averaged over the whole day, with the 
over-all efficiency of the turbine, one finds the total 
efficiency of the combination. Optimum conditions for 
working temperatures and the total efficiency can then 
be derived using differential calculus. 

The mathematical expressions and the treatment as a 
whole are fairly simple in nature. They provide a 
method for determining immediately how the situation 
alters under different conditions or changes in one or 
more of the describing parameters. This method shows 
some resemblance to those in other fields, especially in 
physics, where one also expresses now and then maxi- 
mum or practically attainable yields as a function of 
only one or two important parameters.’ The conditions 
under which this can be done must of course be well- 
defined and clearly stated. 

The treatment for solar energy conversion will be 
based mainly on the following three postulates: 

(a) Experience’ * ° ‘ indicates that the sun’s radia- 
tion during the day as a function of time always has the 


form of an ellipse, a cosine, or something in between. 
(See Fig. 1.) The ellipse may apply more to cases of 
heliostatic mounting and the cosine to devices with a 
fixed (most favorable) tilt. 

(b) Experience” *”’ also shows that the ultimate 
curve of the losses as a function of the collector tem- 
perature is always smooth and that it can be presented 
to a very good approximation by the relation: 

= pat” [2] 
where AT is the temperature difference between col- 
lector (7) and surroundings (7), and p is a constant 
of the collector device. 

It should be mentioned that ¢,, (or better, sq,) rep- 
resents the sum of the three losses described in connec- 
tion with Equation 1. Both Maria Telkes (Fig. 3)’° 
and in an improved way Tabor (Fig. 5)’ calculated such 
losses for very special cases, and Fig. 2 and Table I 
show that Equation [2] applies very well to their re- 
sults. In Fig. 2 the results of Tabor (Fig. 5)° are some- 
what rearranged. The losses of four of his collectors (1, 
2, 2a, and 4), divided by an arbitrarily accepted radia- 
tion maximum of 300 Btu per sq ft per hr are shown as 
a function of the steam temperature. This ratio is 
identical with a factor u, later to be defined as the 
fractional losses of the collector at midday. (See Equa- 
tions [9], [12], and [13].) The same procedure is followed 
with the best curve in Telkes (Fig. 1)", indicated by 
“M.T.” in Fig. 2. In Table I, the ‘figure of merit,” 
6, inversely proportional to p in Equation [2], is ealeu- 
lated for every one of the five examples. (See definition, 
Equation [12]. ) 

TABLE | 


DETERMINATION OF THE FIGURE OF MERIT @ FOR SOME 
CoLLectors DESCRIBED IN THE LITERATURE?” 


T4/3 AT4/3/u; | AT 4/3/us AT4/3/u2q | AT4/3/u4 
150 340 850 1,900 
200 660 830 2,000 2,700 5,050 


250 1,010 2,050 2,650 5,000 11,000 


300 1,400 2,100 2,700 5,000 10,800 
400 2,270 2,550 4,800 11,300 
500 3,220 4,600 11,100 
600 4,250 10,900 


11,000 


Result: 


Il 


840 2,000 2,650 4,800 


(c) The sensible heat needed to warm water to the 
boiling point will not be taken into account. Including 
this heat and its consequences in the calculations would 
give rise only to minor shifts in the results. (See Ap- 
pendix V.) It is further assumed that the solar energy 
collector delivers saturated steam and that this steam 
is superheated by some conventional fuel-fired heater. 
This procedure is cheaper than superheating the steam 
with solar energy. The influence on cost of this super- 
heating will not be taken into account, and the estimate 
of the over-all plant efficiency of the turbine will be 
based on the data of Elliott (Fig. 1).° This efficiency is 
defined by 
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Fic. 3—Over-all efficiencies of turbines as a function of the 
saturation temperature before superheating. 
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If one recalculates the results of Elliott as a function 
of the saturation temperature T of steam before super- 
heating (i.e., the collector steam temperature ) one gets 
the ranges in Fig. 3. 

In the first range, the pressure varies from 100 to 
300 psig, in the second from 300 to 500 psig, ete. By 
consulting the original references given by Elliott, 
every range could eventually be replaced by isolated 
dots. 

It can be shown from Fig. 3 that the over-all turbine 
efficiency can be determined fairly closely by 


Nturb. = k-(T — T,) 


4 
k  6.6-10~° 


the slope k being about 6.6-10™, as derived from Fig. 3. 
The over-all turbine efficiency, as represented by the 


solid line in Fig. 3, tallies with recent data of Roberts.” 
(In his Table I], one should consider the saturation 
temperature belonging to the stated working pressure. ) 

As T, seems to be in the neighborhood of 70° F and 
as this is about the same as what was termed the 
“temperature of the surroundings,” 7, , in the defini- 
tion above, Equation [4] can also be written as 


Nturb. = kAT 


5] 
6.6-107 5) 


The theoretical maximum efficiency of a heat engine, 
known as the Carnot efficiency, is given by the well- 
known formula: 

aT 
Tabor (Fig. 6)* and Courvoisier’ made use of this last 
efficiency to determine certain theoretical optimum re- 
sults. In the following treatment, however, use will be 
made of the turbine efficiency from Equation [5] in- 
stead of Equation [6]. (See Appendix I. ) 


SIMPLIFICATIONS AND ASSUMPTIONS USED 
IN THE THEORY 


The acceptance of the above three postulates does 
not impose a limitation on the number of examples that 
can be used. In the first place, the resemblance between 
the previously accepted quantities and the actual ones 
is striking, or at least (as far as the third postulate is 
concerned) fully explained. It is further evident that 
small deviations from the conditions laid down in the 
postulates give rise to changes hardly worth mentioning 
in the end results. (See appendix IV.) Finally, as we 
shall find in the other assumptions made in this section, 
too great a precision in this field is of little value, for at 
least two reasons: 

(a) The end results will have to be corrected anyway 
for a number of significant factors, including clouding, 
superheating, ete., as mentioned by Hottel.’ 

(b) The still unsolved problems of steam storage and 
other unpredictable engineering factors cause an un- 
known and perhaps serious decrease in the maximum 
yields obtained by any theoretical computation. 

Some of the other simplifications used are: 

(a) Effects of clouding, accumulating dirt or dust on 
parts of the collector, mirrors, or covering glass sheets, 
ete., are neglected. 

(b) The temperature difference between the outside 
of the collector (fixing the losses) and the generated 
steam is neglected. 

(c) The fact that the steam delivery rate at a fixed 
temperature to the turbine is not constant during the 
day is not taken into account. This means that either 
the turbine must be adapted in some hypothetical way 
to these conditions, or ideal steam storage facilities 
exist. 

Some of these assumptions do not present any real 
limitation, as the results can be adapted to more realistic 
circumstances by inserting “corrected” or “effective” 
values for some of the parameters. 


NOMENCLATURE 


a constant describing heat losses by con- 
duction, 
a constant describing heat losses by con- 
vection, 
a constant describing heat losses by 
radiation, 
a constant describing over-all turbine 
efficiency, °F’, 
a constant used to indicate the relation- 
ship between 2 and u, 

= 4/3 m, 

=a constant describing heat losses in a 
general form, Btu hr °F*’, 

= average power rate, watt ft, 
midday sun radiation, Btu ft~ hr’, 
general heat losses, Btu 
usefully absorbed heat, Btu 
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sun radiation at the time ¢, Btu ft hr’, 
the same according to a special ellipse 
distribution, 
the same according to a special cosine 
distribution, 
daily sun radiation, Btu ft™, 
sensible heat addition, Btu per lb, 
heat of evaporation, Btu per lb, 
total exposed liquid conducting area, ft’, 
total sun collecting area, ft’, 
temperature of steam, °F, 
temperature of surroundings, °F (°R), 
sink temperature of turbine, °F, 
T — °F, 

="the same under optimum conditions, °F 

= time, hr, 

= cut-off time in case of special distribu- 
tions, hr, 
period; ¢,/2 is the time of sunshine, hr, 

= help factor, indicating midday fractional 
heat loss, dimensionless, 

ied, the same under optimum conditions, 
v = AT /@*, dimensionless, 

= 4t/t,, dimensionless, 
1 + *, dimensionless, 
integrated absorbtion coefficient, 

= integrated effective transmission or re- 
flection coefficient, 
circle frequency, hr’, 
“figure of merit”, = 


Beard. = over-all turbine efficiency, 
7’ curb. the same, for low temperatures, 

Nee theoretical Carnot efficiency of a turbine, 
= collector efficiency at the time ¢, 

the same in the case of special radiation 
distributions, 

m2 average day efficiency under same condi- 


Neo. (t) 


(t) (f= 


tions, 

Ntotal = average day efficiency of the combined 
installation, 

Nopt. = the same under optimum conditions, 

Nib = collector efficiency of ‘heating and boil- 
ing”’ installation. 


MATHEMATICAL TREATMENT 
From Equations [1] and [2] it follows that a device 
with a theoretical efficiency of 100 per cent is charac- 
terized by 
p=0 


‘ 
Ga (ideal) = Gait) 


The collector efficiency at the time ¢ may now be de- 
fined by 


neon. (t) = Ga/Ga (ideal ) [S| 


Combining Equations [1], [2], [7], and [8], we obtain, for 
the collector efficiency, 


S 
s 


Referring to Postulate (a) and Fig. 1, we assume as 
border-line cases the following two solar radiation daily 
distributions: 

= — x 


r= 4t/t, 


(t) (10) 


Gs2(t) = qs COS wt 
[11] 
wl, = 21 
The values of q, and ¢, do not necessarily need to be the 
same in both cases. 
We further introduce the following two help factors: 


[12] 
and 


[13] 


The factor 6 may be termed the ‘figure of merit’”’ of 
the collector. It should be noticed that this factor also 
takes into account the maximum solar radiation. This 
requires that even a device good from the standpoint 
of low losses and a good S/s ratio may have a low 
figure of merit if located at a site of low solar radiation. 
The factor u simply indicates the fractional losses of 
the receiver under midday conditions. This ean be veri- 
fied by inserting ¢ = « = 0 in Equations [14] and [14]. 
One could also first introduce this definition for the 
factor uw and further define the figure of merit 6 with 
the help of the left-hand side of Equation [13]. This is 
actually done in making up Table I. 

If we now investigate the daily distribution as given 
by Equation [10], it follows from combining Equations 
[9], [10], and [13] that 


m(t) = — — [14] 
The average daily efficiency of the device may be de- 
fined by 


bes 
[ m(t)qa(t) de 
n = [15] 


tpi4 
[ t) dt 
0 


where ¢.; is the time after which the collector cannot 
reach the temperature 7’, and ¢,; is in turn defined by 
m( ter) == () [16] 
From Equations [10] and [14] it follows that 
ter = (tp/4)VY1 — [17] 
The integration of Equation [15], making use of the 
result of Equation [17], vields 
9 


u— — w| [18] 
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Fic. 4—The average daily collector efficiency as a function of 
the parameter wu. 


When the same procedure is followed for the second 
distribution possibility as given by Equation [11], one 
obtains, respectively: 


n(t) = arll — u/cos wt] 
no(t)dso(t) dt 
= (15’] 
t) dt 
to = cos u (17’] 
nm = — ucos ul [18’] 
Both the results of [18] and [18’] are shown in Fig. 4, 
together with the curve 1 — w 


It can be seen, and this is the practical consequence 
of Postulate (a), that with an uncertainty of only 
several per cent, one may say for every conceivable solar 
radiation distribution 

3/4 - 
< tu < 0.5 
or, again with some optimism, 
3/4 
m2 = — wu] [19] 
(See Appendix IV and Equations [25] and [25’]). 

By inserting Equation [13] into this result, one ob- 

tains 


m2 = — [20] 


This relation shows that the approximate dependence 
of the average daily collector efficiency on the collector 
temperature and the figure of merit, @, is very simple 
indeed. 

The efficiency of the combined installation (collector 
and turbine) is determined by the product of both 
efficiencies m2 and mtu, as given by Equations [5] 
and [20]: 


Ntrotal = AT 


21 
k ~ 6.6-10° (21) 


Efficiency curves of an almost parabolic type are 
also shown by Baum,” without detailed interpretation 
as to their determination. (See the example at the end 
of this section. ) 

Differentiating with respect to AT’ one finds, for the 
optimum conditions: 


AT opt. 
Nopt. = 1 kere 
k 6.6-10~ [23] 


We are of the opinion that these simple relations 
may be of great help in rough but quick estimates of 
various yields in a range of cases. This is true not only 
for optimum conditions, but also for situations on both 
sides as well. The relations should further prove help- 
ful in cases where one wants to see quickly what hap- 
pens when one or more of the parameters of the system 
are varied. (See appendixes. ) 

Under the loose assumption that it will be very dif- 
ficult in most practical cases to obtain values of a7 in 
excess of 0.85, the relationship between nope. and @, as 
expressed by Equation [23], is shown in Fig. 5. The 
efficiencies of the five collectors in Fig. 2 are indicated 
in this figure. In the diagram, ‘‘4*’’ marks the efficiency 
of the installation “4” if az = 0.773 instead of 0.85, as 
stated by Tabor (Table III).’ The meaning of the other 
curves and points in Fig. 5 may be obtained from Ap- 
pendixes I and II and the following example. 


EXAMPLE 


Baum (Fig. 9)° calculated the efficiency of three 
stations as a function of the steam temperature. As no 
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Fic. 5 yptimum total efficiencies as a function of the figure 
of merit, 6, of the collectors. 
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detailed data are furnished, we can attempt only to 
explain his results according to the above theory. 

This might be done as follows: From the optimum 
temperatures of each of his three curves we may deduce 
the figure of merit, @, of every station, using Equation 
[22|. The calculated efficiency for every value of 6 can 
be read from Fig. 5 and then compared to the values 
found by Baum* himself. The results of this procedure 
are shown in Table II. The agreement seems very good. 
(See also Equation [26] in Appendix III). The optimum 
efficiencies belonging to the three assumed figures of 
merit of the Baum stations are marked B,, Be , and B; 
in Fig. 5. 

TABLE II 


TENTATIVE DETERMINATION OF THE FIGURE OF MERIT @ FOR 
THE THREE RusstaN CoLLEcToRS? 


AT opt. (°C) AT opt. (°F) 6 nopt. (%) Baum (%) 
B, 340 | 610 13,000 17.0 16.4 
Bs 270) 485 9.500 13.5 14.4 
B; 180 325 5.600 9.1 9.5 


APPENDIX I 
In the previous sections the following three important 
efficiencies were considered: 


& 6.6-107°AT [5] 
AT 

= 6 

(6) 

m. = — AT [20] 


By combining the efficiencies from Equations [5] and 
[20], the derived results were obtained and dealt with 
briefly. 

By writing down the product of the efficiencies from 
Equation [6] and [20] one obtains results for an ideal 
Carnot machine driven by solar generated steam. Opti- 
mum results can be obtained by differentiating with 
respect to AJ’. The mathematical manipulations to be 
carried out are very simple and will not be repeated 
here. 

In spite of their low practical value, the results are 
given below: 

AT opt. (Carnot) = —Ta + VT2 + [22’] 
Nopt. (Carnot) = ar[Z — YZ? — 1] [237] 


where 


II 


Z = 1 + 27./¢" (24) 
Uopt. (Carnot ) = 4 (1 — Nopt. ) [25] 


The result given by Equation [23’| is also shown in 
Fig. 5 by the dotted line “Carnot,” for T, = 530° R. 
The probable efficiencies of the four collectors (1, 2, 2a, 
and 4; marked 1, , 2., 2a., and 4,) on this “Carnot” 
curve, agree fairly well with the results in Tabor (Fig. 
6), especially if we take into account that the nu- 
merical conditions underlying his and our own calcula- 
tions are not quite the same. 


APPENDIX II 


The place and the dimensions of the ranges in Fig. 3 
seem to indicate that the value of the assumed turbine 
efficiency (Equations [4] and [5]) is on the high side for 
low temperatures. By “low temperatures,’ we mean 
those, say, below 450° F (400 psig). 

In order to show how the situation changes if a more 
realistic value is accepted in this region, the optimum 
conditions will be recalculated for a turbine efficiency 
given by 

turd. = 10-10 — 0.13 [5’ 


shown by the dotted line in Fig. 3. (This treatment 
shows the flexibility of the theory set up in the previous 
section.) 

Differentiation with respect to AT of the product of 
the efficiencies as given by Equations [5’] and [20] en- 
ables us to determine the optimum conditions as in all 
previous cases. The result is: 


AT ot. (low temp.) = 36°* + 65 29” 


and 
aro 
(low temp.) = — 130 [237] 


The result given by Equation [23”] is shown in Fig. 5 
under “low temp.” 


APPENDIX III 
In order to give a clearer conception of the relation 
between the different magnitudes, the following equa- 
tions may be added to those in the previous sections: 
4/3 - 
Uopt. = (4)°° = 0.40 [25’ 
as derived from Equations [13] and [22], and 
’ ‘ —4 92 
Nopt./AT opt. constant 2.8-10 [26] 
as derived from Equations [22] and [23]. (See Table IT. ) 
Finally, it is worthwhile to compute the power rate 
of the whole installation by taking into account the total 
available solar radiation. It appears from the measure- 
1 . 
ments of Ashbel that for Jerusalem one may say, to a 
very good approximation 
Gs 14 cal/(em’) (min) 310 Btu/(ft*) (hr) [27] 
and 
tp/4 = 63 hr (yearly average ) [28] 
During the whole year, t,/4 varies between 5 and 7 
hours. (See Equations [10] and [11].) 
For a heliostatic installation, it follows, by integrat- 
ing Equation [10] and inserting the values from Equa- 
tions [27] and [28] that 


1 
Qa 310-65-2 V1 — x? dx 3150 Btu/ft’ [29] 
0 
Averaged over the natural day of 24 hours, this means 
that the rate is 
3150 1000 


38n watt /ft? 30 
[30] 
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For a fixed-tilt installation it follows in the same way, 


using Equation {11}, that 
310-63 — > 2550 Btu ft [29’] 


and accordingly 

P’ watt ft 

APPENDIX IN 

It might seem that the choice of the powers 4/3 and 

34 in both Equations [2] and [19] (see Fig. 3) is some- 
what artificial, as these values lead to the power unity 
for AT in Equations [20] and [21]. It can be shown, 
however, that another power in the neighborhood of 
unity for AT in Equations [20] and [21] gives rise only 
to minor differences in the results. If Equation [19] is 
rewritten as 

m2 = — u 


] 


one would obtain, instead of Equation [21], 

Nrot kar{l — AT” */0"|AT (21’] 
Differentiating this relation with respect to AT, the 
factor 4 in Equation [23] is replaced by 


Reference to Fig. 3 shows, especially at values of u = 04, 


10, as in Equation (25']. that m is so close to 3/4 that 
the results are hardly affected. The same is true for 


slight deviations from the power 4/3 in Equation [2]. 
On the other hand, it is possible to apply differential 
calculus to Equation [21| for every power of both factors 
AT. This means that the theory could be further evalu- 


ated for other forms of loss curves. 


APPENDIX \ 


If the sensible heat addition is to be included in the 
calculations, the composite collector efficiency m» is 


given by 


— ()) 
= — (31) 
| dq Qb 
. UL 


as stated by Tabor ( Equation 3e 
Indices A and refer to “heating” and “boiling” 
respectively, and , is dependent on AT’, as in Equa- 


tion [20]. Assuming some self-evident practical condi- 
tions, the above relation can be worked out, and, 
multiplying it with the over-all turbine efficiency from 
Equation [5] one finds 

(21”| 
Qf 


v(1 — v) + v 


3/4 
Nroi La = haré 


- In (1 


where 
34 34 » 
v= u = AT A [13 


It can be seen that Equation [21”] leads to Equation 
[21], if Q./Q, = 0. Only if = 1 (T 600°F) will 
the results from Equation [21”] start to differ noticeably 
from those of Equation [21]. In that case, Q,/Q, = 1, 
and Yo», from Equation [21”] proves to be 0.57, so that 
both the optimum values for AT and nota: are shifted 
towards 


Topt.a = 0.570 * 
and 
Nopt..oh = 
k 66-10 
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An Application of Solar Radiation to 
Space Navigation’ 


By S. James Press 


Douglas Aircraft Company, Inc., Santa Monica, California 


In outer space travel conventional methods of 
navigating are not expected to be sufficiently ac- 
curate. The use of the passive thermal radiation 
sensing system, described in this paper, for de- 
termining range in space with respect to the sun 
may partially solve this problem. 


Because travel through outer space inherently in- 
volves inordinately high flight times and distances, it 
is improbable that the conventional methods of navi- 
gating, wherein the error buildups are time and distance 
dependent, will be sufficiently accurate. Since the 
direction of a space vehicle from the origin of a given 
coordinate system can be found by conventional star or 
planetary fixing techniques, the major problem in posi- 
tion determination in space becomes one of range or 
distance determination. This study examines the feasi- 
bility of determining range in space by means of a 
passive thermal radiation sensing system. The coordi- 
nate system to be employed is heliocentric. Distance 
from the sun at any instant is measured by analyzing 
the radiant power impinging on the sensitive elements 
of a thermal detector sensitive to a slight change in 
temperature for its response; thermocouples, thermo- 
piles, and bolometers are all in this category. 

The flux density, /, of radiation from a surface of 
area A at a distance D from a radiating body is the 
radiant energy per second passing through a unit area, 
which is normal to the line-of-sight to the emitting sur- 
face.’ 

F = [1] 


where: 
= total emissivity of the surface, 
Stefan-Boltzmann constant, 
= absolute temperature of the radiating body, 
surface area of the radiating body, 
= distance from the radiator to the detector. 

In order for Equation [1] to be useful, D is required 
to be at least ten times greater than the lateral dimen- 
sions of the radiating body. Otherwise, it is necessary 
to modify the relation in accordance with Lambert’s 
cosine law’ and integrate the radiation over the entire 
solid angle subtended at the detector by the radiator. 


Since the temperature change and response of a 
thermal receiver exposed to a radiation flux from a 
distant body will depend not only on the flux density 
received but also on the energy radiated from the de- 
tector, it is necessary to determine the net exchange of 
radiant energy between the object and the detector, 
This subject is discussed in greater detail later. Let the 
radiating body be the sun, and let the detector be 
located in a vehicle within the solar system but suf- 
ficiently distant from any planet as to be unaffected by 
atmospheric effects. 

The radiant power, Ps , received by the detector of 
area A» is given by 

Ps = ApF’s = (es0T AsAp)/(xD") [2] 


where the subscript S refers to the sun. 
In like fashion, the radiant power transmitted to the 
sun by the detector is 


Pp = AsFp [3] 
where F’p is the flux density from the detector received 
at the sun. Thus 

4 2 
Fp = (epoT'p Ap) (rD°) [4] 
where ep = total emissivity of the detector surface, 
and 7’) = absolute temperature of the detector surface. 
Then 
4 2 ~ 
= ( epal D A pA s)/( rl ) [5] 
If it is assumed that most of the energy radiated from 
the detector can be directed back toward the sun, the 
net exchange of power is given by 


AP = Ps — Pp = [(esoT's'AsAp)/(xD*)| 


— [( epoT p ApA s) (rD*)| 


AP = (€sTs' — [6] 


Since the sun can be considered to be a perfect radia- 
tor’ at an effective blackbody temperature of 5,750°K 
and the receiver can be made to approximate very 
closely a blackbody, let 


* Originally published in Aero/Space Engineering Vol. 17, 
No. 11, November, 1958, pages 51-54. 
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AP = [(@AsAp)/(xD*)] — To’) [S| 
Moreover, since the radiating temperature of the 
detector is extremely small compared with the solar 
temperature (especially when raised to the fourth 
power ), 
AP = [9] 
The cross-sectional area of the sun is 
As = (mp')/4 [10] 
where p is the solar diameter. Now let 
p = v0 [11] 
where y¥ is the astronomical unit or the distance be- 
tween the earth and the sun; @ is the earth-measured 
angular diameter of the sun. By substitution, 
AP = [( s')/(rD*)| 
= pW OT (4D°) 
Since all quantities in Equation [12] are either known 
or can be measured, D can be determined. Let the 


[12] 


reference direction in the heliocentric coordinate sys- 
tem be the earth-sun direction. Since the earth-sun 
distance is a known function of time, the angular posi- 
tion of the vehicle can be found by measuring the 
angle included between the vehicle-sun and the vehicle- 
earth. Thus, a complete planar position determination 
of the vehicle can be effected in the heliocentric system. 


ERROR ANALYSIS 


The significant question which still remains to be 
answered is one of accuracy. How accurately can the 
solar distance determination be made? An analysis of 
of the errors involved in the computation is given be- 
low. 

Taking logarithms in Equation [12] yields 


In AP = In (¢/4) + ln Ap + 2Iny 


[13] 
Taking differentials of Equation [13], 
[d(AP)]/AP = [(dAp)/Ap] + [(2db)/¥] 
+ [(2d6)/6| + [4dT5)/T's [14] 
— [2dD)/D) 
Solving 
dD _dAp dy 4 4 2dT's _ d(AP) (15) 
D 2Ap 6 T's 2A4P 
dD = (D/2Ap) dAp + (D/v) dv + (D/6) dé 116} 


+ (2D/Ts) dTs — [D/(2AP] d( AP) 


Now let Px denote the probable error in the quantity 
X. Then the probable error in distance, assuming all 
Ge 
quantities are uncorrelated, is given by 


+ 
P, = + + (4D/TS)Pro (17) 
+ 


or 
+ (Py/¥)’ 
+ (Pap/2AP)? 
Substituting for AP from Equations [9] and [10] 
yields 


Pp = D 


+ (Py/¥)’ 


P, = D + (P, 9)" (2P 
+ 
Let 
K = 2P4p/(cA = constant (20) 
Then 
(Pap 2Ap)° + (Py 
P, = D + (P,/6)? + (2P7./Ts)” 


+ K*(D/p)' 
NUMERICAL EVALUATION 
The precision with which the astronomical unit is 
known is” 
-4 9 
Py/v = 1.138 X 10 [22 
The minimum detectable power of a thermocouple 
type of detector’ is given by 
Psp = 10° watts [23] 
for existing conventional detectors. However, since the 
1 
theoretical limit’ appears to be about 10-" watts, small 
improvements are certainly expected. 
Since the earth-measured angular diameter of the sun 
is 31’ 59.3” of are, 
6 = 1,919.3” [24] 
Furthermore, by the most accurate methods presently 
available, the best precision with which an angle can be 
measured’ is 5 X 10°. However, such a measurement 
(photoelectrically ) could be carried out only under the 
most ideal conditions. For this reason, a more plausible 
(although still extremely difficult to realize) precision 
estimate of 5 X 10 is used. 
Po =5 xX 10° [25] 
Since the responsivity of a thermal detector tends 
to decrease with increasing cross-sectional area, ex- 
tremely small apertures of the order of 1.0 sq mm are 
currently employed. Thus 
Ay = 1.0mm = 10° em [26] 
If it is assumed that an uncertainty of 10 “ in. exists 
in the measurement of the linear dimension of the 
detector aperture (perhaps 1,00 times better than the 
manufacturing tolerance achievable ), 
Pap = 5.08 X 10‘ cm’ [27] 
Since the sun has been regarded as a blackbody radi- 
ator with an effective temperature, T's , of 5,750°K (ob- 
tainable from Stefan’s Law), 


Ts = 5.75 X 10°K [28] 
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Making the assumption that this “effective” radiating 
temperature is measurable only to within about 0.1°K 
gives 

P,,/Ts = 0.1/(5.75 X 10°) = 1.74 X 10° [29] 


Since the Stefan-Boltzmann constant, ¢, is given by 


o = 5.7 X watt/em’/deg* [30] 
the constant, K, defined in Equation [20] is found to be 
K = 3.19 X 10" [31] 


Substitution of the numerical values into Equation 
[21] gives 


Pp = D 
/ ) + cass x 104) 
x 10 2 [32] 
/ +4 (2K 174K 10°)? 
1919.3 
4 
+ (3.19 X (2) 
p 
or 


Py = DV159 X 10° + 10.18 XK 10% (D/p)* [33] 


Since the minimum distance between Mercury and 
the sun is 28.566 million miles and the maximum dis- 
tance between Pluto and the sun is 4.3 X 10° miles, 
the only range under consideration, if the vehicle is to 
remain within the solar system, is 


28.566 X 10° < D < 43 X 10° miles [34] 
Moreover, since p = 864, 392 miles, 
33.05 < (D/p) < 4974.59 [35] 


Since (D/p) > 10, Equation [1] applies throughout the 
range of interest, and the results which follow are valid. 

A plot of Equation [33] is shown in Fig. 1. It may be 
seen that the error in range to the sun can become as 
large as 3.46 million miles if the vehicle is at a distance 
equal to the apogee of Pluto. However, if the space 
vehicle is traveling in the vicinity of the inner planets, 
its “‘heliopath,”’ or distance from the sun determination, 
will be in error by no more than one earth diameter. 
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Fic. 1—Position error vs. thermally determined distance. 


The second curve shows that the relative heliopath 
error will vary between 0.01 and 0.1 per cent. 

Although the absolute errors in position appear to be 
large by comparison with errors existing in earth navi- 
gation systems, the relative errors are actually com- 
parable with those presently attainable in the best 
inertial navigation systems. Furthermore, since naviga- 
tion in space requires only navigating to the vicinity of 
massive bodies, the errors quoted above should cer- 
tainly be acceptable, especially in light of the fact that 
the thermal measuring system investigated above 
would probably be extremely lightweight, small, and 
completely passive. Since the space vehicle would 
transfer to a local planetary coordinate system when in 
the near vicinity of a body, the heliocentric system 
would have to be used only for interplanetary opera- 
tions. 

So far, little has been said of the manner in which 
the solar radiation is to be measured. It was pointed 
out earlier in the discussion that the thermal detector 
required should be responsive to a slight change in 
temperature and that the detector output should be 
proportional to the net exchange of radiant power be- 
tween the radiating object (the sun) and the detector. 
Such a technique is made possible only by proper 
design of the detector. For example, if the detector is 
designed so that its sensitive area is located in a eylin- 
drical tube, the radiation to the exterior of the vehicle 
from the detector will be directed mostly back to the 
sun rather than to space. 

Furthermore, if the wall temperature of the cylindri- 
‘al tube is thermostatically controlled to the tempera- 
ture of the detector, the isothermal enclosure so ob- 
tained does not permit any net power to be exchanged 
between the tube walls and the detector. The thermo- 
static control of the wall temperature could be effected 
by comparison circuitry through the resistance tem- 
perature of the sensor. In such a system, Equation [6] 
provides the expression for the detector response as a 
function of heliopath 

The major disadvantages of the thermal measuring 
system are twofold. First, the path between the vehicle 
and the sun must not be occulted by any heavenly 
bodies. This condition should not be too difficult to 
satisfy, since all the planetary orbit planes lie close to 
the ecliptic and the probability of a solar eclipse is 
small. The second problem centers about variations in 
the flux density of radiation from the sun.” During 
periodic surges of solar storms, it is possible for the 
effective solar radiating temperature and the flux 
density to fluctuate somewhat. A comparison of the 
radiation rate of the sun is made with the “effective” 
radiation curve’ in Fig. 2. Although Fig. 2 shows that 
in the visible and infrared regions of the spectrum the 
sun can be treated as a blackbody, during periods of 
great solar activity variations may occur. 

Another area requiring consideration is the one of 
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Fig. 2—Solar radiation distribution with wavelength. 


solar tracking. Whether position determinations are to 
be made continuously or periodically, it will be neces- 
sary for the thermal radiation sensor to be located in a 
direct line-of-sight to the sun. If position determinations 
are required continuously, the sensor orientation must 
be electromechanically slaved to the sun. If the position 
determinations are required only periodically, some 
means of sun location, such as telescopic finding equip- 
ment, must be employed. In either case, a thermal 
window and a gimballed thermal sensor are probably 
required. 

The question naturally arises as to whether or not it 
is possible to obtain position in space much more ac- 
curately by some other technique, such as star observa- 
tion. 

Observation of the stars from a vehicle very distant 
from the earth is not sufficient to obtain positional 
information since the stars are so far away that, for all 
practical purposes, they are points at infinity, and 
therefore, only angles can be measured. The only in- 
formation that can be gathered from star observations 
in space is the direction of the radius vector from the 


origin of the coordinate system to the vehicle. To 
determine absolute position, the magnitude of the 
radial vector must be known. If an attempt is made to 
measure the radial vector by measuring the apparent 
solar diameter, as has been suggested elsewhere,’ the 
resulting error in range would be about 100,000 miles 


at a range of about one astronomical unit. This error 
is one order of magnitude greater than the error which 
would be obtained in a thermal system. 

It should also be noted that position determination 
accuracies can be improved considerably by performing 
observations on the planets instead of the stars. How- 
ever, it would then be necessary to carry an extremely 
aecurate time base, such as an atomichron, aboard the 
vehicle, in addition to having vast quantities of stored 
data involving planetary positions as a function of time. 
Analogous data are needed for star observations also, 
however, toa lesser extent. Although the position varia- 
tion of the destination with time is also required in the 
thermal measuring system, the quantity of information 
necessary is small. 

In summary, it appears that a system of space posi- 
tion determination with respect to the sun, by means 
of thermal detectors, might be a useful solution to the 
problem of navigating in space. There is still much work 
to be done in determining the constancy of the param- 
eters involved. For example, measurements of solar 
radiation and its fluctuations in space can be carried 
out today by instrumented satellites. After such tests 
are carried out, the thermal position system could be- 
come a reality. 
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The majority of solar water heaters work on 
the thermosyphon system. This paper draws at- 
tention to the thermostatically controlled solar 
collector in which a temperature-regulating valve 
is used. Under favorable conditions this latter 
type of collector is more efficient than the former. 
The relative advantages of the thermostatically 
controlled collector are discussed. A mechanism 
is then described for use with pyrheliometer for 
automatically shading the thermopile element 


which then determines the diffuse component of 


radiation. 


INTRODUCTION 

Most of the published information on solar water 
heaters refers to thermosyphon systems in which there 
is a closed water circuit and natural circulation takes 
place through changes of density caused by solar 
radiation. Because recirculation of the water may take 
place when the solar radiation decreases below the 
threshold limit corresponding to that of the mean 
temperature of the water in the system, the collecting 
tank is always placed several feet above the top of the 
collecting plate. When it is necessary to place the 
collecting plate above the collecting tank, a forced feed 
system is employed, e.g., 2 motor-driven pump oper- 
ates when the plate-exit water temperature is greater 
than the collecting tank temperature. However, this 
involves additional complexity and expense, which can 
be overcome by using a temperature regulating valve 
of the mercury expansion type. 


DESCRIPTION OF APPARATUS 


The equipment is set up at the School of Engineer- 
ing of the University of Auckland, temporarily housed 
at Ardmore, 20 miles south of Auckland. Three identical 
collectors have been constructed. The over-all black- 
ened working area is 3 ft by 2 ft and consists of a top 
and bottom header of 1-in. 1.D. copper tube joined by 
vertical }-in. copper tubes spaced at 6-in. centres. 
The tubes are joined by 24-gauge copper sheeting, so 
that the cross-section is similar to the new tube-in-strip 
material. The water capacity of two of these units is 


kxperimental Results on Thermostatically Controlled 
Solar Water Heaters 
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he 
The experimental equipment (the middle plate is 
thermostatically controlled). 


2 lb, 5 oz, while the other unit has a water capacity of 
2 Ib, 155 oz, because of additional area of the top 
header to accommodate the sensing unit of the mercury 
expansion valve. (See Fig. 1.) 

The metal plates are housed in wooden boxes. The 
rear insulation consists of aluminum foil and 4 in. of 
vermiculite; two 24-0z glass cover plates cover the 
front. Lagged 2-, 4-, and 8-gal collecting tanks are 
available for connecting as required. In this series of 
experiments, Plate No. 1 operated as a thermosyphon 
system; the water capacity of the various components 
are: (a) plate, 2 lb, 5 oz; (b) connecting copper pipes 
between plate and storage tank, 4 Ibs; (c) storage tank, 
80 Ib. Plate No. 2, water capacity 2 lb, 153 0z, was 
thermostatically controlled by the mercury valve. 

Because of the temperature differential between 
opening and closing positions of the mercury valve, the 
water ejected from this plate was passed through a 
lagged tank (water capacity 40 lb) to obtain a steady 
representative collection temperature. The hot water 
forced from the top of this plate was replaced with 
cold water fed to the bottom from a feed water storage 
tank giving about 8 ft head above the thermostat ex- 
pansion valve. This storage tank had a water capacity 
of 80 lb and was open to the atmosphere and unlagged. 
It was found that the temperature of the feed water 
in the storage tank was equal to the air temperature. 


5 
; 
ton 
55 
‘ 


100}— +50 

45 
About Solar Noon 

80 —40 


COLLE CTION— 
EFFICIENCY! 


GO + 0830 and 


Collection 
EF Ficiency4 30 


40+ 
10 


re) | | | | "hy 
60 100 140 180 
COLLECTION PERATURE 

fe) 40 80 


°F TEMPERATURE ABOVE AMBIENT 


Fic. 2—Typical experimental results. 


EXPERIMENTAL DETERMINATIONS 
Using copper-constantan thermocouples and a 
Brown-Honeywell 12-channel recording potentiometer, 
temperatures of the plates were recorded at various 
locations, together with the water temperature in the 
10- and 80-lb tanks, the temperature at inlet to No. 2 
collector, the feed water temperature, the temperature 
of operation of the mercury expansion valve, and water 
temperatures at various parts of the thermosyphon 
system. The radiation intensity using a calibrated 
Kipp solarimeter was also recorded. The diffused com- 
ponent of radiation was measured by shading the 
thermopile in the usual manner for 2 minutes every 15 
minutes. The water ejected through Plate No. 2 was 
periodically weighed as required. 


EXPERIMENTAL RESULTS 


The first experimental plate was a replica of that 
described in Reference 1, and the outlet pipe connected 
to the top header was fitted with an automobile ther- 
mostat valve. 

This valve was modified with a compression spring 
so that the temperature of the opening could be ad- 
justed by adjusting the initial compression. The alcohol- 
filled bellows, when heated, lifted the valve free from 


its seat, and this movement was opposed by the vari- 
able compression spring. Any spring compression in- 
creased the temperature at which the valve opened. 
This simple valve system cost about $3. However, 
adjustment necessitated disconnecting the outlet pipe 
and using a screwdriver to vary the initial spring com- 
pression. On good insolation days during the summer 
of early 1958, 2 gal of water per sq ft per day were 
collected at 150°F with a collector inclination of 45° 
to the horizon. 

When it had been shown that this method of using 
solar energy was a practical proposition, the equipment 
already described was set up. 

Although Auckland, latitude 373°S, is in a favorable 
geographical position, cloudiness is very prevalent 
particularly at the time when these results were taken, 
i.e., a few weeks on either side of the spring equinox. 
Completely cloudless days are rare. However, there are 
many days of clear sky conditions over the period of 
solur noon +1 hour. A plot of the collection efficiency 
against collection temperature is shown in Fig. 2 for 
collection about the solar noon. Efficiency decreases 
with increase in temperature of collection. Deviations 
from the mean line are due primarily to the daily dif- 
ferences in air temperature. In general, an increase in 
air temperature causes the heat loss from the plate as a 
whole to decrease and thus increase the plate efficiency. 

The efficiency curve was extrapolated as shown, to 
determine the efficiency corresponding to the mean air 
temperature of all the results quoted, ie., 61°F. A 
collection efficiency of 79 per cent is thus found, and 
hence this is the fraction of the incident radiant energy 
which passed through the glass and was absorbed by 
the blackened copper plate. 

Experimental results were confined to the period 
0830 to 1630 hours, i.e., solar noon +4 hours approxi- 
mately. Only a limited number of observations of 
efficiency for cloudless days over the period are avail- 
able and are also plotted in Fig. 1. However, because of 
the well-defined incremental efficiency curve, it is pos- 
sible to draw the over-all efficiency curve with some 
accuracy. As the temperature of collection is increased, 
the differential between the two efficiencies becomes 
progressively greater. This increased differential results 
from the fact that the higher the collection temperature 
the greater the threshold radiation required to maintain 
the plate at the average water temperature, so that the 
earlier water ejection ceases after solar noon has passed. 
The efficiency has been defined as the useful heat 
added to the water divided by the total incident energy 
received perpendicular to the flat plate between 0830 
and 1630 hours.* 

Fig. 2 also shows the number of pounds of water 


delivered per hour per collector plotted against col- 


* As the water temperature has been taken to be that in the 
storage tank, this efficiency includes the efficiency of heat 
storage in the system. This applies to both the thermosyphon 
and thermostatically controlled circuits. 
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lector temperature. A better physical interpretation of 
the collector performance is obtained from this graph. 
Midsummer conditions will approximately double these 
figures. 


TABLE I 


| Thermosyphon | | 


Thermostatically 
(80-lb tank capacity; | : | 
14.3 lb/sq ft of plate) controlled plate S| 
| | 
Date | on. 
1958 Temperature (*) 
CF) Collec- | Collec- | Weight | Contec. 
tion water tion 
efi. |temper-| col- eff- | 
Feed | Maxi-| ciency ory | ciency 
water | mum al 


61 | 116 38 140 | 61.6 |42/43 | 87 | 6.9 |1925 
(2030 
1690 
1740 


Sept. 25 
26| 61 125] 42 141 | 81.4 |48/51 101 
27| 59 | 46 121 108 
60; 110) 38 
Oct. 12} 61 | 102 | 32 135 | 44.8 32/333 80 | 3.6 1690 
15; 60/) 89) 34 122 | 17.8 |14/15 | 38 | 1.0 |1125 
16 60 74 34. < 100 0 0 410 
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* This column gives the total weight of water available when the water from 
the thermostatically controlled collector is mixed with water at 60°F in order 
to produce water at the maximum temperature of the thermosyphon system 


on the same day. 
+ The number of bright sun-hours was determined from the radiation in- 
tensity curve and refers to only completely uncovered sun conditions. 
t E; is the incident radiant energy per square foot received perpendicular 
to the collector surface between 0830 hours and 1630 hours. Slope of collector 45°. 


Table I gives typical performance factors when 
Plate 1 was operating on the thermosyphon principle 
and Plate 2 was thermostatically controlled. As the 
thermosyphon system efficiency is interconnected with 
the water capacity of the system as a whole, this ef- 
ficiency must be interpreted with this in mind. In this 
case the over-all water capacity was 14.3 lb per sq ft. 
The results show that except for days with relatively 
little or no sun the thermostatically operated system 
has an equal or higher efficiency and also the water 
temperature is higher and therefore more useful. More- 
over, if the thermostatic valve had been set correspond- 
ing to the maximum temperature of thermosyphon 
system, the efficiencies would have been higher. The 
hydraulic resistance of the thermosyphon system was 
such as to cause a maximum temperature difference of 
10°F between the water riser and downpipe from the 
storage tank. In Table I two efficiencies are quoted for 
the thermostatic solar plate. Several feet of pipe con- 
nected this plate to the feed water; this resulted in a 
rise in temperature of several degrees. The lower figure 
is the efficiency based on the temperature at inlet to 
the plate, while the higher figure is the efficiency based 
on the feed water temperature. 


ADVANTAGES OF THE THERMOSTATICALLY 
CONTROLLED SOLAR FLAT-PLATE 
HEATER COLLECTOR 

(1) The water delivery temperature can be predeter- 
mined by the correct adjustment of the valve. The final 
water temperature of the thermosyphon system is not 
readily known. 
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Fic. 3—Diagrammatic arrangement of occulting device. 


(2) Delivery of hot water is available some hours 
before solar noon depending on the actual predeter- 
mined operating temperature. In the thermosyphon 
system, hot water is not available until the middle of 
the afternoon unless sufficient stored water is available 
from the previous day. 

(3) The storage tank can be placed below the col- 
lector plate. 

(4) Only the pipe from the collector to the storage 
tank need be lagged. The supply pipe to the collector 
should not be lagged. By increasing the length of this 
pipe and painting black to absorb radiant sun energy, 
the over-all efficiency of this system is increased. 

(5) The efficiency of this system is greater than that 
of the thermosyphon system except on days of very low 
insolation, when the latter still absorbs a small portion 
of the sun energy. 


CONCLUSIONS 


In areas of the world where clear sky days are abun- 
dant, the thermostatically operated flat-plate collector 
has much to recommend it. Installation demands are 
less rigorous than for the thermosyphon system, and 
in general the efficiency is higher. 
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Mechanics 


APPENDIX 
An Automatic Occulting Mechanism 

The total radiation received on a horizontal surface 
must be split up into its direct and diffuse components 
so that the total incident radiation on a sloping surface 
may be determined. This is commonly done by inter- 
posing an occulting disc between the sun and the 
thermopile. So that automatic recording can take place, 
the following mechanism has given very satisfactory 
results. The mechanism must provide the following 
motions: (a) the occulting disc must move across the 
sky with the sun; (b) the disc must move between the 
sun and thermopile when required and at other times 
must not interfere with the thermopile view; (c) pro- 
vision must be made for changes in the declination of 
the sun. 

Fig. 3 gives a diagrammatic arrangement of the 
system. As the sun can be considered to revolve round 
the axis of the earth, a synchronous motor, revolving at 
one revolution per 24-hour day, is placed at an angle @ 
(equal to the latitude) to the horizontal. The axis of 
this motor passes through the thermopile element and 
carries a circular turntable. This in turn carries a rod 

A) which is perpendicular to the motor axis and is 


parallel to a diameter of the turntable. An arm (B), 
earrving the occulting disc, is rigidly attached at right 


angles to this diametriec rod. Above the axis of the 
motor, a crank, suitably connected to a solenoid, is 
attached to the rod A. Energizing the solenoid causes 
the rod A to turn through 90° or more as required, 
until the oeculting arm is parallel to the motor axis. The 
solenoid was energized through a time switch, adjusted 


Fic. 4—Pyrheliometer equipment. 


so that the circuit was on 2 minutes every 15 minutes. 
The 2-minute dwell was necessary because of the time 
lag in the response rate of the thermopile. 

Variation in the declination of the sun is easily 
allowed for by moving the occulting dise along arm B. 
This need only be done every 3 or 4 days. 

Structural considerations did not permit the mech- 
anism to continuously rotate through 360°. Hence the 
turntable was connected to the motor spindle by a 
friction clutch so that the turntable could be turned 
back to its original position after each day’s run. Be- 
cause of this it was found essential to balance the 
inertia forces so as not to cause the turntable to rotate 
relative to the motor spindle—for example, the force 
of the solenoid passed through the center of revolution 
of the spindle and the occulting dise and arm were 
statically and dynamically balanced. Fig. 4 shows the 
pyrheliometer installation. 
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Measurement of Solar Radiation in Phoenix 


By C. R. Caryl and G. A. Leeper 


Desert Sunshine Exposure Tests, 7740 North 15th Avenue, Phoenix, Arizona 


The increasing interest in solar energy and its appli- Table II shows the same comparison by months for 
cations has directed attention to those zones throughout 1957. 
the world that have the most hours of sunshine yearly. 

The U.S. Weather Bureau has prepared a map showing REFERENCES 

the annual amount of sunshine for every country in the 1. J. Solar Energy Sei. Eng. 1(1), 1957. : 

world.! Only two areas average 4000 hours of sunshine 2. U. Dept. of 
yearly, a small zone from Phoenix to Yuma, Arizona, 

plus a few miles into California, and a large portion of TABLE 1 

the Sahara Desert west of the Red Sea. SorarR RapiaTion IN LANGLEYS, PHOENIX, 

The Weather Bureau for years has measured solar ercatalanedtossselasaicencndnscn 
radiation in various parts of the United States and its dies os haaiiaeiial 
possessions and now has 94 of its own and co-operating sud 
stations equipped for this purpose. Data are published 530 799 
monthly in the Climatological Review.2, The authors OS 498 680 
have measured solar radiation in Phoenix for the last - — 
four years, and believe that their data also may be of _ 


On an equatorial 


f 5° si 
At 45° south mount? 


interest. 
The Eppley pyrheliometer is the instrument used by TABLE 
the Weather Bureau and most outdoor testing stations Lanouivs, 
to measure solar radiation, while a strip chart poten- 1957 Datty AVERAGES 
tiometer draws a daily graph of the data. EONS 
i n a horizonta On an equatorial 
rhe langley is the unit most widely used in pyrheli- plane* a et mountt 
ometry, the measurement of solar radiation. Named 
. Jan 24: 341 391 
after Dr. amuel P. Langley, a pioneer in the field of Feb, 3: 146 534 
radiation measurement, the langley is a unit equal to Mar. 515 556 723 
9 ¢ Apr. 559 S16 
| gm cal per sq em or 3.69 Btu per sq It. a os 529 839 
While the vearly totals of radiation in langleys are June : 521 
July 327 89 
about the same in Phoenix whether measured on a a a 
horizontal plane or on one inclined at 45° and facing Sept. 57 603 
south, monthly variations by the latter are mu¢ h less. ail 2, 503 
lable I provides a yearly comparison of radiation as Dee. 266 137 


measured on (a) a horizontal plane, (b) a plane inclined aga . : 
*U.S. Weather Bureau 
to the south at 45°, and (c) an equatorial mount. + Desert Sunshine Exposure Tests 
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A Simplified Engineering Approach to 


Swimming Pool Heating 


By Douglass E. Root, Jr. 


Consultant, Orlando, Florida 


A knowledge of the heat losses from swimming 
pools is important in designing pool heaters. This 
paper gives a brief description of possible heating 
means and a simplified analysis of the method of 
correlating climatological data with heat losses, 
with formulae and explanations in sufficient de- 
tail to allow the engineer to make a fairly accurate 
estimate of what those losses will be. An under- 
standing of the magnitude of the various types of 
losses may be of value to the pool designer and 
architect in assisting them to find new design 
methods which will reduce these losses. 


INTRODUCTION 

In the southern part of the United States, home 
swimming pools are becoming fairly common. The 
owners, influenced by many 80° days even in the middle 
of the southern winter, are demanding some method of 
heating the water, which is too cool for swimming even 
on these warm days because of the predominance of 
colder weather. Either fossil energy in the form of oil, 
gas, or coal or solar energy may be used to raise the 
water to a comfortable level on days when the air tem- 
perature is suitable for swimming. 

Intelligent design of a swimming pool heater requires 
an analysis of the heat losses from the pools involved 
and a consideration of the manner in which the water 
may be heated. While the individual orientation, cli- 
matic conditions, shading, and wind protection for each 
pool must be considered, some general conclusions may 
be drawn from a broad analysis of the factors which in- 
fluence the heat losses from all pools. 

DISCUSSION OF EQUIPMENT 

Because of the rapidity with which fueled boilers can 
restore heat to the pool water (generally at the rate of 
200,000 Btu or more per hour), over or under design of 
such a boiler simply causes the heater to be used too 
many or too few hours each day. Of course it is true that 
proper sizing of the fossil-fired heaters leads to a more 
desirable economic balance. One further note should be 
considered on fired heaters. Because of the high rate of 
water flow through the boiler, convective circulation 


through the heating element proves unsatisfactory. The 
preferable type of unit is that which has an extremely 
large heated area relative to its storage volume. Indeed, 
the best type of boiler for this purpose is a “‘fire tube” 
rather than a “water tube” boiler. Several manufac- 
turers produce suitable units either directly fired or used 
with steam from an outside source. 

Since solar pool heaters add heat at a much slower 
hourly rate, it is desirable to compute the losses as 
accurately as possible. Here, under design will lead to 
too slow a recovery rate, and over design will burden 
the purchaser with too high an initial cost. 


ANALYSIS OF LOSSES 


In considering the actual heat losses from open pools, 
the periods of daylight and darkness differ sufficiently 
to make advisable their separate treatment. 

At night there are conductive losses to the ground 
(though under certain conditions the ground may ac- 
tually give heat to the water), radiant losses to the 
surroundings, evaporative losses (which can be ex- 
tremely severe), and convective losses to the air above 
the pool. 

CONDUCTION 

The conductive losses for a pool heated to say 75° 
are normally small enough to neglect. Solar still work 
now in progress near Daytona Beach, Florida, indicates 
that substantially all the heat that escapes into the 
ground returns to the pool if the pool temperature drops. 

There are, of course, some pools which are not totally 
submerged in the earth. In this case the following for- 
mula may be used to compute the heat loss from the 
exposed wall section: 

Q. = h.AAt 

where: 
is the conductive loss in Btu per hour, 
is the appropriate heat transfer coefficient for the 
wall material involved, 
is the externally exposed area of pool wall in sq 
ft, 
is the average water temperature less the aver- 
age air temperature (°F) for the time period 
under consideration. 
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RADIATION 


The evaluation of the radiant losses requires a thor- 
ough knowledge of the climatological data of the loca- 
tion involved, for cloud cover, relative humidity, air 
dust, and similar influences can be of great importance. 
The proper formula is a familiar one: 


4 t, 4 


Qe is the radiation loss in Btu per hour, 
A is the exposed surface area of the pool in sq ft, 
is the emissivity of pool water (0.95), 

is the pool temperature in ° Rankine 

is the space temperature and varies from 360° 
Rankine for clear cold nights to atmospheric 
temperature in ° Rankine for cloudy humid 
nights. * 


where: 


~~ 
= 


Most weather bureaus can provide a picture of local 
cloud cover throughout a given period, and if dust or 
smog are an influence the 360° R space temperature 
should be raised to compensate for the lack of clarity of 
the atmosphere. How much it should be raised is a 
matter left to the judgment of the individual engineer 
involved. Since the radiant losses can run as high as 80 
Btu per sq ft per hour for a 75° F pool, they must be 
fully considered. A truly detailed analysis would require 
that each night be broken into segments, and these seg- 
ments be evaluated separately. However, since the 
weather cannot be predicted with great accuracy it 
generally suffices to use climatological averages for an 
entire week or even for a 30-day period. 

Here it might be well to note that in some commercial 
installations where the water must meet minimum tem- 
perature requirements every day it will not do to use 
average conditions; losses must rather be evaluated on 
the basis of the worst conditions likely to be encoun- 
tered. Fortunately, in most installations the owners will 
be satisfied with a unit which will meet about 90 per 
cent of the needs. For these installations, during cold 
spells, it will be necessary only to keep the water warm 
enough so that subsequent reheating when the tem- 
perature moderates will not take longer than a day or 
two. 

The evaluation of evaporation and convection losses 
is the most complex and least accurate. There are sev- 
eral ways that the problem may be approached. In this 
analysis, the convective and the evaporative losses will 
be considered separately. 


CONVECTION 
The convective losses may be evaluated using the 


formula: 


* Based on experimentation conducted by Florida Citrus 
Industry on radiation losses from groves in 1952. 


hoy versus Air Speed 


Qn hy AAt 


where: 

Q.. is the convective heat loss in Btu per hour, 

A is the exposed surface in sq ft 

At is the average surface temperature minus the 
average air temperature in °F for the time period 
under consideration. (It should be noted that 
the surface temperature will be depressed by 
evaporative cooling. Though it often drops as 
low as the wet-bulb air temperature, the arith- 
metic mean of the pool temperature and wet- 
bulb air temperature appears to work best in the 
0 to 15 mph air velocity range.) 

h.. is the convective transfer coefficient and varies 
from 0.38 (At) for still air’ to 4 for air 
velocity of 10 mph. (Fig. 1 gives a graphical 
approximation of this coefficient.) 

Fig. 1 is obtained by correcting data on combined 
radiant and convective heat loss coefficients so as to 
remove the radiant component.? 

Q-» varies considerably if the normal wind pattern is 
altered by trees, buildings, or even by eddies set up by 
high pool curbs. The variation is further affected by the 
orientation of an oblong pool relative to the wind diree- 
tion. In general, any protection from a direct wind 
sweep causes a substantial reduction in the convective 
coefficient . 

For a 55° night with a 10 mph average wind speed 


the convective losses on a pool with an early evening 
water temperature of 75° may be as high as 80 Btu per 
sq ft per hour. 
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EVAPORATION 


The evaporation losses may be high also, and in arid 
regions where the average relative humidity is 20 per 
cent or less they may be extremely severe. The follow- 
ing formula compares well with experimental data.” 


G =0.021 (up) whence 


= 0.021 (up) “ApLoA 


where: 
Gr is evaporative water loss in Ib per hour per sq 
ft per mm, mercury pressure difference between 
the vapor pressure of water at wet-bulb air tem- 


perature and the partial pressure of water vapor 


in the air, 

is evaporative heat loss in Btu per hour, 

is the air density in lb per cu ft, 

is the air velocity in ft per second, 

is the pressure difference in Ib per sq in. as de- 
scribed under G (above) and is almost exactly 
1 the wet bulb depression if this depression is 
expressed in °C, 

is the latent heat of steam at the wet-bulb air 
temperature, 

is the exposed water surface in sq ft. 


Qe 1.08 (up) ApLoA 


if Ap is expressed in psi. 

Some explanation of the foregoing formula will aid in 
visualizing this evaporation process. The basic formula 
is an approximation of the work of many students on 
drying methods, reported (among others) by Sheperd, 
Hadlock and Brewer, /nd. Eng. Chem. 30: 388, 1938. It 
works reasonably well for air speeds from 3 ft per see to 
20 ft per sec (10 mph = 14.66 ft per sec). Their work 
indicates that it may be assumed that the film at the 
water-air interface approaches the wet-bulb tempera- 
ture of the entering air. 

This assumption often gives a somewhat lower evap- 
oration loss than will actually be encountered, for the 
main body of the water often warms the surface to 
above the wet-bulb temperature and the evaporative 
tendency is thus greater. The reference mentioned above 
gives corrective procedures which may be of value to 
those working in areas of low humidity, for in these 
areas the magnitude of the assumptive error is some- 
times great enough to require correction. 

Because the air volume is large relative to the heat 
and water quantities dissipated into it, its temperature 
and humidity remain substantially unchanged in the 
previously indicated air velocity range. It must be 
noted that relative to time the air temperature, water 
temperature, air speed, and relative humidity change. 
Thus, using average values gives only an approximation 
of the true losses. However, without extensive physical 
testing of a particular pool this is as good as can be 


hoped for, and, even using averaged conditions, the re- 
sults compare remarkably well with actual measure- 
ments. 

The sum of the foregoing losses over the period of 
darkness will then give the nocturnal loss due to con- 
duction, radiation, convection, and evaporation. 


DAYLIGHT HOURS 


The daylight losses, or indeed gains, as they most 
often are, may be arrived at by utilizing the same 
formulae except for radiation. Appropriate substitution 
of average temperature differences based on weather 
bureau data, humidity converted from relative to 
pounds per square inch of water vapor with the aid of 
psychometric charts, and other necessary information 
will permit the calculation of daytime conduction, con- 
vection, and evaporation losses or gains. 

Information on isolation is available at most weather 
bureaus for their particular areas, and on sunny days 
the radiation gain is as much as 2000 Btu per day per 
sq ft in many locations. (See Table I.) The daytime 
radiant losses from pool to sky may be computed in the 
same fashion as their nocturnal counterpart. 


TABLE 


Radiation on horizontal surface 


Dec. avg. mean (Btu per sq ft per day) 


Location 
— temperature (°F) 


Dec. avg. Annual avg. 


Fresno, Calif. 46 600 1640 
Miami, Fla. 69 1010 1500 
Stillwater, Okla. 40) 765 1440 
El Paso, Texas 45 1185 2000 


Conductive losses, very small even at night, often 
turn into conductive gains as the sun heats the pad sur- 
rounding the pool. However, the gains are small enough 
to be neglected. 

Convective losses too may become gains during a por- 
tion of the day. To compute convective losses it is well 
to use average daylight mean temperature to avoid the 
confusion of the loss gain loss switching which occurs 
as the sun heats the atmosphere and as the air subse- 
quently recools at night. 

Evaporation losses are often considerably higher dur- 
ing daylight hours than during the night. The air, 
warmed by the sun, generally has considerably less 
relative humidity, and evaporation is thus greater. In 
addition to this, the air velocity is apt to be higher and 
the swimmers cause turbulence in the pool water itself, 
tending to increase the effective film temperature well 
above normal wet-bulb temperature for the air-to-water 
interface. 

There are many areas in the southern part of the 
country where periods of calm prevail for several hours 
at dawn and /or dusk. In these areas, if a more accurate 
analysis is desired, it is advisable to break the day and 
night into three or four segments, calculate the seg- 
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mental changes individually, and sum the losses and 
gains. 

Often calculations will be sufficiently accurate if 
average weekly or even monthly temperatures, humidi- 
ties, ete., for given hourly periods are used. The daily 
information may be easily graphed for the conditions 
in a specific area. Such graphs will enable the inquirer 
to select most quickly and fairly the proper average 
conditions to use for the period under consideration. 

As previously stated, distorting effects such as trees, 
shade, windbreaks, and the like must be considered in 
tabulating results and drawing conclusions. 

An evaluation of the conclusions will permit selection 
of the proper size pool heater, be it gas, oil, coal, or 


Albrecht, F. H. W., “The Australian radiation net- 
work.” (In: UNESCO, Climatology and microeli- 
matology; proceedings of the Canberra Symposium. 
Paris, 1958. p. 99-105. Illus.) 

Instrumentation used in the Australian network of radia- 


tion measurement stations is described. The stations are listed 
and the results compared. 


* 
Bremaecker, J. Cl. de, ‘Emploi de |’énergie solaire en 
Afrique.” (Use of solar energy in Africa.) Fol. Sez. 
Africae Cent. 4(1): 8-10, Mareh 1958. Illus. 


Describes four possible ways in which solar energy can be 
utilized in the Belgian Congo: water heaters, cookers, air con- 
ditioners, and refrigerators. 


* * * 


Cramer, R. D. and Neubauer, L. W., ‘Solar radiant 


gains through directional glass exposure.”’ Heat. Pip. 
Air Cond. 30(11): 155-62, Nov. 1958. Illus. 


Results are reported from tests conducted with an 8-ft 
cubicle having one side constructed of glass. The cubicle was 
oriented in various directions with reference to the sun, and 
the solar radiant gains caused changes in the air temperature 
in the cubicle. Measurements of the temperature were made 
and were plotted in graphical form. The tests were conducted 
at Davis, Calif., where high daytime dry-bulb temperatures 
prevail throughout July and August, with cooler night tem- 
peratures, and where there is little if any summer rain. The 
cubicle was kept tightly sealed and there was little or no in- 
filtration of air or ventilation. Tests were conducted with un- 
obstructed glass as well as with various screening devices lo- 
cated inside the glass such as blinds, drapes and screens and 
with various shading devices located outside the glass. Tests 
were also carried out when the cubicle was completely shaded 
from direct sun radiation. Changes in the curves of inside tem- 
perature gave a comparative means of judging effect of each 
device tested, and an indication of effect of complete shade. 

It is broadly generalized that inside screening devices which 
hang flat against the glass and which have smooth surfaces are 
better barriers against radiation than those which hang away 
from the glass. Also the results appear to bear out the impor- 
tance of intercepting solar radiation before it enters a structure 
rather than afterwards. (authors’ abstract) 


Solar Abstracts 


solar. But more than this, coupled with heater costs, it 
will arm those who would promote the use of solar 
energy with factual, provable information on the cost 
of operatng and amortizing fossil-fired heaters as op- 
posed to amortizing those units using solar energy. In 
few other fields does utilization of solar energy stand up 
so well to economic scrutiny. 
REFERENCES 
1. Walker, Lewis, McAdams, and Gilliland, Principles of 
Chemical Engineering. 3rd ed., 1937. p. 133. 
2. Heating, Ventilating, Air Conditioning Guide, Vol. 34, 1956. 
3. i Hl Perry et al, Chemical Engineering Handbook. 2nd ed., 
1941. p. 1482. 


4. Proceedings of the World Symposium on Applied Solar En- 
ergy, 1955. p. 173. 


De Jong, Tim, “An introduction to solar distillation.” 
Proc. Am. Soc. Civil Engr. J. Sanit. Eng. Div. SA4, 
Paper 1704, July 1958. 40 p. Illus. 


This paper presents a study and the results of experiments 
on the production of potable water with solar energy on three 
pilot plants in Iran. The effects of geographical location, the 
size and shape of plants, together with descriptions of various 
plants and methods of distillation, on the actual production 
of the pilot plants are explained in the report. (author’s ab- 
stract) 


* * * 


Duffie, John A., “Solar energy.” (In: Encyclopedia of 
Chemical Technology, \st supplementary volume; ed. 
by Raymond E. Kirk and Donald F. Othmer. Inter- 
science Encyclopedia, Inc., 1957. p. 789-811. Illus.) 


Detailed general review of the utilization of solar energy. 
It includes a discussion of the amount of radiation reaching 
the earth and the various possible applications. Some of the 
problems involved in both flat-plate and focusing collectors 
and in energy storage are outlined. The applications described 
include space heating, evaporation and distillation, power 
generation, furnaces, and cookers. The author believes that 
house heating with solar energy appears closest to becoming 
competitive with other energy sources. 


* * 


Golding, E. W., ‘‘Power for the small user.’’ New Com- 
monwealth 37(2): 103-7, Feb. 1959. Illus. 


Demands from developing countries for power in varying 
‘apacities are now being met by a widening range of plants. 
Choice must depend largely on economic considerations, and 
the author here examines the suitability and running costs of 
different types of equipment. Various small-scale power plants 
are considered, including nuclear plants, oil engines, water 
power plants, wind power plants, equipment using solar radia- 
tion, and power plants using organic wastes. 


* * * 


Harteck, Paul and Reeves, Robert R., Jr., “Utilization 
of energy stored in the upper atmosphere.’? AFOSR- 
TR-57-50, AD-136-421, July 15, 1957. 61 p. Illus. 


The work is divided in two parts. The first is an investiga- 
tion to develop a flying missile, now called the HARE, which 
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will fly through the upper atmosphere within the region where 
oxygen atoms are present and most dense. The HARE is to be 
propelled by energy obtained by recombination of these atoms 
on a catalytic surface placed inside. The atmosphere would be 
scooped in, heated, and expelled from the tail, pushing the 
missile forward. The second part of the work is a study to de- 
termine more precisely the maximum oxygen atom concentra- 
tion in the upper atmosphere. 


* * 


Hass, Georg and Jenness, James R., Jr., ““Method for 
fabricating paraboloidal mirrors.” J. Opt. Soe. Am. 
48(2) : 86-87, Feb. 1958. 


Paraboloidal mirrors have been made, using a convex plastic 
paraboloid formed by centrifugal casting on a mercury surface 
as the master for fabricating plastic replica mirrors. Mirrors 
with disk of confusion diameters less than 1 mm have been 
obtained by the process. 


Kearns. David and Calvin, Melvin, ‘Photovoltaic ef- 
fect and photoconductivity in laminated organic sys- 
tems.” J. Chem. Phys. 29(4) : 950-51, Oct. 1958. 


It has been suggested that the primary quantum conversion 
process in photosynthesis involves the creation and separation 
of charge to opposite sides of an asymmetrically constructed 
lamina followed by the trapping of both the electrons and holes, 
which then leads to their respective chemical processes. As a 
result of this suggestion, the authors have studied model sys- 
tems as semiconductors with a view to creating an organic 
photovoltaic junction. This paper describes one organic sys- 
tem showing a photovoltaic effect, consisting of magnesium 
phthalocyanine (MgPh) disks coated with a thin film of air- 
oxidized tetramethyl! p-phenylenediamine (7M@D). Maximum 
voltage developed was 200 mv. Other systems, including one 
using a matrix of coronene coated with a thin layer of o0-chlora- 
nil as an electron acceptor, will also be investigated. 


* * 


Noguchi, Tetsuo; Hayashi, Hiroshi; Mizuno, Masao; 
and Noguchi, Choji, ‘High temperature research in 
a solar furnace. I]. On the fusion of metal oxides.” 
Rept. Govt. Ind. Res. Inst. Nagoya 8(1): 61-67, 1959. 


Illus. (In Japanese ) 


This paper describes a further study on the fusion of metal 
oxides. The solar furnace with an aluminum reflector 2 m in 
diameter and 300 watts per sq em density in the focal plane 
was used for fusing AleO; , AleTiO; and MgO-TiO, . In each 
test, a specimen 30 mm in diameter molded with a pressure of 
200 kgm per sq em was put in the focal plane, and a molten 
bodv was obtained within a few seconds. Microscopic observa- 
tion of the molten bodies showed: (1) gamma-Al,O; was formed 
among alpha-Al.O; in the fused alumina. (2) Only beta-Al:TiO 
was formed in the equimolecular mixture of AlsOz and TiQOz , 
while the alpha-form was not observed. Specimens with ratios 
of MgO-TiO» ranging from 9:1 to 1:9 were fused, and the 
existence of MgO-2TiOz , MgO-TiO2 and 2 MgO- TiO» was con- 
firmed as expected. (authors’ abstract) 


* x 


Pensak, L., ““High-voltage photovoltaic effect.” Phys. 
Rev. 109: 601, 1958. 


CdTe films developing 100 v per em in sunlight have been 
made by vacuum evaporation at 10-> mm Hg pressure onto 
various substance rates at 100-250°, with the films formed at 
1000 A per minute. 


Robson, 8. R., “Solar heating for a swimming pool.” 
New Zealand Engr. Sept. 15, 1956. 


The author proposes heating a swimming pool by floating 
a film of black plastic on the pool surface during periods when 
the pool is not in use. 


* * * 


Rusler, George W., “Nuclear or solar energy: which is 
more practical for space heating.” Heat. Pip. Air 
Cond. 31(2): 106-9, Feb. 1958. Illus. 


Following an appraisal of the fossil fuel situation in an 
earlier issue, the author considers the potentialities of these 
two energy sources in meeting future space heating needs. 
Although the reserves of fissionable material are great, there 
are some major problems to be overcome before fissionable 
energy can be realized: disposal of atomic wastes and the dis- 
portionate amount of basic materials required by atomic 
plants as compared to steam plants. The advantages and dis- 
advantages of solar energy utilization are outlined and its 
applications in various areas discussed. 


* * * 


Salam, Ehab and Daniels, Farrington, “Selective radi- 
ation coatings for solar heating.’”’ University of Wis- 
consin, 1958. 11+ p. 


The preparation and tests of black selective radiation sur- 
faces are described. Thin films of CuO, CuS, MoO; , MnOsz , 
Nis, and iron oxides have been deposited on polished metals 
including copper, brass, nickel, stainless steel, and aluminum. 
It is fairly easy to obtain absorptivities of 90 per cent and 
emissivities of only 10 to 20 per cent. The important property, 
however, is the permanence of the films in practical use. The 
best and most permanent coating obtained thus far is prepared 
by plating copper or iron with nickel and electroplating on it 
a thin film of copper which is then oxidized completely. An 
attempt is made to explain the behavior of these selective 
coatings. (authors’ abstract) 


* * 


Tabor, Harry, ‘Radiation, convection and conduction 
coefficients in solar collectors.” Bull. Res. Council 
Israel 6C(3): 155-76, Aug. 1958. Illus. 


Heat losses from solar collectors are usually computed on 
the basis of figures given by Hottel and Woertz. The present 
paper suggests, after a study of the literature on convection, 
new coefficients for convection heat transfer, as well as draw- 
ing attention to the value of the total hemispherical emissivity 
of glass, and to the edge losses that can occur in collectors of 
finite size. (author’s abstract) 
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Williams, D. A.; Chung, R.; Lof, G. O. G.; Fester, 
D. A.; and Duffie, J. A., “Cooling systems based on 
solar regeneration.” Refrig. Eng. Nov. 1958: 33-37, 
64-66. Illus. 


Intermittent adsorption or absorption refrigeration cycles, 
with regeneration by heating with solar energy, have been 
proposed for small food coolers and space cooling in non-in- 
dustrialized areas where refrigeration is not available for eco- 
nomic or technological reasons and where solar radiation is 
ample and reasonably dependable. This study of food coolers, 
part of a University of Wisconsin Solar Energy Research Pro- 
gram, provided certain performance data. Here the authors 
discuss evaluation of potentially useful binary absorption sys- 
tems; how operating variables affect ideal thermal performance 
of refrigerant absorbent systems; illustrative experimental 
data on solar operation of two intermittent refrigeration sys- 
tems; and analysis of experimental results of solar regeneration 
process as it affects refrigeration capacity. (authors’ abstract) 
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